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Intrinsic Josephson Junctions (IJJs) are the subject of much of re-
search due to their potential applications as high frequency oscillators
and detectors in the THz range. A number of previous studies use a
single junction model to explain their observations, as no fully agreed
model for coupled IJJs exists. The inﬂuence of one or more IJJs in the
voltage state on other junctions in the IJJ array is not yet fully un-
derstood. I have studied the dynamical behaviour of Tl2Ba2CaCu2O8
thin ﬁlm IJJ arrays, focussing on how one junction in the voltage
state inﬂuences the other junctions. This I have done by measuring
(a) the switching current distributions, and (b) the inﬂuence of r.f.
irradiation on the DC current-voltage characteristics.
I have compared the switching current distributions when switching
from the supercurrent branch with those when switching from the
ﬁrst quasiparticle branch. The supercurrent branch was found to be
overdamped at the escape frequency whereas the ﬁrst quasiparticle
branch is underdamped, resulting in a larger switching current for the
former than the latter. RF irradiation suppresses the mean switching
current on the supercurrent branch accompanied by the appearance
of a low-voltage ﬂux ﬂow branch. There is however no eﬀect on the
switching current of the quasiparticle branches. I explain these re-
sults in terms of the dissipative environment in which the junctions
are embedded, and, furthermore, that switching of a single IJJ into
the voltage state signiﬁcantly changes the dissipation. IJJs were sub-sequently isolated from their environment by FIB-deposited tungsten
resistors of resistance between 100 and 500 Ω.
The complete resistor-junction-resistor (RJR) structure is multibranched
and shows a change in the DC current-voltage characteristics below
and above the Tc of the tungsten. However, the presence of high
resistance in the RJR structure at 4.2 K needs further investigation.Acknowledgements
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Introduction
1.1 Intrinsic Josephson Junctions
Superconductivity was ﬁrst discovered in mercury in 1911 by Dutch physicist
Heike Kamerlingh Onnes of Leiden University. Superconductivity was also dis-
covered in a number of other metallic elements. Collectively these elements are
called low temperate superconductors (LTS). The Josephson eﬀect based on LTS
was ﬁrst predicted by Brian D. Josephson in 1962 [Josephson, 1962]. A Josephson
junction consists of two superconductors connected by a weak link.
In 1986, Alex Muller and Georg Bednorz discovered superconductivity in a
brittle ceramic Ba-La-Cu-O compound at 30 K [Bednorz & Muller, 1986]. A
number of other compounds like yttrium barium copper oxide, bismuth stron-
tium calcium copper oxide and thallium barium calcium copper oxide have been
found to superconduct at even higher temperatures. The highest superconduct-
ing temperature of 138 K was observed in a thallium-doped, mercuric cuprate in
1994. A new family of arsenic based superconducting materials termed oxypnic-
tides has been discovered recently [Takahashi et al., 2008]. These compounds are
collectively called high temperature superconductors (HTS).
The standard technique to realise high quality Josephson junctions in LTS is
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to fabricate a Nb/AlOx/Nb tri-layer structure. This technique is routinely used
to fabricate junctions for commercial purposes. HTS Josephson junctions can be
fabricated using similar tri-layer technique. The quality of these HTS junctions is
however poor due to the small coherence length of HTS. A new type of Josephson
junction, called the Intrinsic Josephson junction (IJJ) was discovered in HTS in
the early nineties [Kleiner et al., 1992]. IJJs exploit the short coherence length
in HTS. IJJs are naturally formed by alternating layers of superconducting and
insulating material within the unit cell of a cuprate HTS and hence contain no
engineered barrier. The stack of layers acts as a combination of a large number
of Josephson junctions in series when current ﬂows perpendicular to the cuprate
planes.
The fact that IJJs consist of an array of junctions can be exploited to fabricate
tuneable oscillators with narrow linewidth in the THz range. THz sources based
on intrinsic Josephson junctions have been reported in recent years [Ozyuzer et al.,
2007]. The radiated power from these junctions is very small and new methods
for enhancing emitted power are under investigation. By coherently coupling
many IJJs together, all of which are in the voltage state, it may be possible
to achieve high power output levels and narrow linewidths in the THz regime.
In addition IJJs may possibly be used as qubits one day. For both THz and
qubit applications, it is therefore important to understand the electrodynamics
of coupled IJJs and the role of dissipation in an IJJ stack and how this depends
upon the number of junctions which are in the voltage state.
In my research I have studied inter-junction coupling in arrays of moderately-
damped intrinsic Josephson junctions by measuring the switching current distri-
butions from the supercurrent branch and the ﬁrst quasiparticle branch at various
temperatures. The eﬀect of RF irradiation on the switching current of the super-
current and the quasiparticle branches is also investigated in order to understand
the role of dissipation. Speciﬁcally I have studied the dependence of the switch-
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ing current upon the microwave ﬁeld and how this depends upon the number of
junctions in the array which are in the voltage state.
1.2 Form of the Dissertation
The next chapter begins with a theoretical review of superconductivity and the
Josephson junction. This theory provides the reader with the necessary level of
the detail required to follow the experimental and analytical work. Major topics
discussed include types of superconducting materials, the Josephson equations,
the role of damping in current voltage (IV) characteristics, Josephson junction
types, intrinsic Josephson junctions, heating in IJJs and switching current mea-
surements. Chapter 3 discusses the experimental methods and preparatory work
carried out. This includes ﬁlm growth, patterning and IJJ stack fabrication. The
measurement setup, including a custom built current source is discussed at the
end of the chapter. Chapter 4 contains the experimental results and analysis.
The superconductivity of the ﬁlms, and the general form of the IV hysteresis is
discussed. The results of switching current distribution (SCD) measurements are
presented and analysed. The eﬀects of RF irradiation on IJJ arrays are analysed.
The requirements for environmental isolation of the IJJ stack with FIB-deposited
tungsten resistors, approaches for FIB deposition and the eﬀect of resistors on
the IV is discussed. Concluding remarks are presented in Chapter 5. A list of
references and an appendix is attached.
3Chapter 2
Theoretical Details and
Background
2.1 Superconductivity
To understand the results and follow the argument presented in the results chap-
ter, it is necessary to have the basic background knowledge required to understand
superconductivity. This section will only present the key aspects of the super-
conductivity related with this work. A very thorough treatment of the subject
at an undergraduate level is available in Poole [2007]. Graduate level treatment
of the subject is available in for instance Tinkham [1996] or Waldram [1996].
The ﬁeld of superconductivity was born with the liquefaction of helium in
1908 and the discovery of superconductivity in 1911 by Kamerlingh Onnes. Two
major requirements for a material to be considered as superconductor are, (i) zero
resistance below a certain temperature and (ii) the ability to expel a magnetic
ﬁeld. The appearance of zero resistance below a certain temperature is the easiest
property to be measured. The temperature at which the resistance of the material
goes to zero and perfect conductivity appears is termed the critical temperature,
Tc.
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The second fundamental property of a superconductor is its ability to expel a
magnetic ﬁeld from its bulk at a temperature lower than Tc. This property dis-
tinguishes a superconductor from a perfect conductor. A perfect conductor like a
pure metal at T = 0 K can in principle have zero resistance but it does not have
the ability to expel magnetism from its bulk. This eﬀect in the superconductor
is termed the Meissner eﬀect after the name of its discoverer in 1933. The mag-
netic ﬁeld is screened from the bulk of the superconductor by screening currents
ﬂowing on the surface of the superconductor. The screening currents allow the
magnetic ﬁeld to penetrate the superconductor up to a very small length inside
the superconductor, termed the penetration depth λ. Screening currents can only
screen the magnetic ﬁeld up to a certain critical ﬁeld Hc. Any magnetic ﬁeld value
greater than Hc will destroy the superconductivity and the superconductor will
return to its normal state.
Not only the external magnetic ﬁeld but also the dc current ﬂowing in the
superconductor can destroy the superconductivity. The critical current density
Jc is the maximum current that a superconductor can support. Above Jc the dc
current breaks the Cooper pairs, and thus destroys the superconducting state.
The supercurrent density is a material property which was ﬁrst established by
Silsbee [1916].
Superconductivity occurs when normal electrons inside the material form pairs
and results in a condensate with a lower energy than the normal electrons. A
microscopic theory of superconductivity, later termed the BCS theory, was pre-
sented in 1957 [Bardeen et al., 1957]. Pippard introduced the concept of coherence
length ξ for the superconducting wave function. The coherence length ξ is the
length inside which any change to the electron wave function at one point will
propagate to the other electrons. BCS theory was based around the formation of
Cooper pairs. Cooper in 1956 showed that an attraction between electrons forms
Cooper pairs, which have spatial extent of the order of the coherence length ξ
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[Cooper, 1956]. Electrons with equal and opposite momentum and spin join to
form the Cooper pairs below Tc. The net momentum of the pair is thus zero
corresponding to the lowest energy state.
In the superconducting state at T = 0 all the Cooper pairs are in the ground
state. This is separated from the allowed excited states by an energy gap ∆(T).
BCS theory relates the energy gap at T = 0 to the critical temperature where
2∆(0) = 3.52kTc (2.1)
Pippard suggested that only the electrons within an energy range ≈ kTc of the
superconducting ground state take part in the superconductivity. At a non-zero
temperature some of the Cooper pairs break and quasiparticles are generated.
Quasiparticles include both electron-like and hole-like excitations. With increas-
ing temperature the quasiparticles are excited across the gap and there are fewer
Cooper pairs in the superconducting ground state so that ∆(T) → 0a tT = Tc
and the number of Cooper pairs reduces to zero.
2.1.1 Types of Superconductors
Superconductors can be classiﬁed using a number of criteria, e.g, mechanism of
superconductivity, material types, elements or compounds, transition tempera-
ture etc. One way to classify is how the superconductor responds to an applied
external magnetic ﬁeld. Response to the applied external magnetic ﬁeld can be
predicted by the Ginzburg-Landau parameter κ, which is deﬁned by
κ = λ/ξ (2.2)
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The supercurrent electron density ns increases from zero at the boundary of
the superconductor to a constant value inside the superconductor and the length
scale over which this occurs is ξ. The magnetic ﬁeld B decays exponentially to
zero inside the superconductor with length scale of λ. Superconductors are clas-
siﬁed into two main types depending on the value of κ. Type-I superconductors
have κ < 1/
√
2 and κ > 1/
√
2 for Type-II superconductors.
2.1.1.1 Type-I Superconductors
In a Type-I superconductor the coherence length is larger than the penetration
depth. Any applied magnetic ﬁeld up to the critical magnetic ﬁeld Bc is thus not
able to disturb the coherence of the Cooper pairs. Once the applied ﬁeld value is
above the critical ﬁeld value, the coherence of Cooper pairs is destroyed and the
superconductor returns to the normal state.
2.1.1.2 Type-II Superconductors
In a Type-II superconductor the penetration depth λ is larger than the coherence
length. In this case the external magnetic ﬁeld penetrates inside the supercon-
ductor up to several coherence lengths. Type-II superconductors screen out all
the applied magnetic ﬁeld up to a value Bc1. A magnetic ﬁeld greater than Bc1
enters the superconductor in the form of thin lines known as ﬂux lines or vortices.
Each vortex contains a quantised amount of magnetic ﬂux which is screened by
the circulating currents inside the superconductor. This quantity is known as
ﬂux quantum and has a value of Φ0 = h/2e =2 .07 × 10−15 Wb.
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2.2 The Josephson Junction
A Josephson junction consists of two superconductors connected by a weak link
as shown in Figure 2.1. Within a weak link a real wave function exists which
is continuous across the superconductor-insulator-superconductor boundaries. In
such a weak link the wave functions of the superconductors will overlap each other
as shown in Figure 2.1. The Josephson junction is named after Brian D. Joseph-
son who in 1962 predicted that Cooper pairs can tunnel through the classically
forbidden region, provided the gap between the superconductors was very small
and they were weakly coupled to each other [Josephson, 1962]. Josephson’s pre-
diction was soon veriﬁed by a number of experiments [Anderson, 1963; Jaklevic,
1964]. In contrast to popular belief at the time, it was shown that the tunnelling
rate of Cooper pairs and normal electrons was almost the same.
Figure 2.1: Schematic representation of a Josephson Junction.
2.2.1 The Josephson Equations
Josephson predicted that the current through a junction would be a sine function
of the diﬀerence φ between the phases, θ1 and θ2, of the two superconductors on
either side of the weak link. By following the treatment of Feynman who added
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a coupling term and used the Schrodinger equation, one can derive the govern-
ing equations of the Josephson junction [Feynman, 1966]. The ﬁrst Josephson
equation is given as
I = Icsinφ (2.3)
and is called the Current-Phase Relation (CPR). Ic is the Josephson critical
current and is the maximum current the structure can support without dissipating
power.
The second Josephson equation deals with the application of a constant volt-
age across the junction. This results in an evolving phase diﬀerence between the
superconductors. The equation is given as
V =
￿
2e
dφ
dt
(2.4)
In this case there is an alternating current of amplitude Ic and frequency
fJ =
2eV
￿
(2.5)
Here 2e/￿ is equal to 483.6 × 1012 Hz/V. The above two eﬀects are known as the
dc and ac Josephson eﬀects.
The critical current Ic is a measure of the coupling strength between the
two superconductors on the either side of the Josephson junction. This energy
depends on how thin the insulating layer is and what material it is made of. The
coupling energy in the junction can be inferred from Equation 2.3 and 2.4 by
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integrating the electrical work. The coupling energy is found to be [Tinkham,
1996]
EJ =
￿Ic
2e
(2.6)
Ic scales with the inverse of the junction normal state resistance Rn. Thus,
Ic(T)Rn has a ﬁxed value which depends only on the material and temperature
and not on the junction dimensions. IcRn is used as a measure to check the
performance of the junction against the ideal case. The temperature dependence
of Ic was calculated by Ambegaokar & Baratoﬀ [1963] for Josephson junctions
and is given by
Ic(T)Rn =
π∆(T)
2e
tanh[
∆(T)
2kBT
] (2.7)
Figure 2.2 shows the temperature dependence of Ic.A t T = 0 Equation 2.7
reduces to IcRn = π∆(0)/2e. The critical current and conductance of tunnel
junctions decrease exponentially with increasing barrier thickness.
2.2.2 Josephson Junction Models
Equation 2.3 and Ic(T)s u ﬃciently describe the zero voltage dc properties of the
Josephson junction. Equations 2.3 and 2.4 only describe the ideal case, when all
the current is being carried by the electron pairs. However, a more comprehensive
model is required to understand the full Josephson junction characteristics. The
two mostly used models for the Josephson junction include the RCSJ model
(electrical model) and tilted washboard model (mechanical model). Both these
models are brieﬂy discussed below.
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Figure 2.2: Reduced Josephson current density versus reduced temperature.
Original Figure from Ambegaokar & Baratoﬀ [1963]
2.2.2.1 RCSJ Model
In the resistively and capacitively shunted junction (RCSJ) model the physical
Josephson junction is modelled by an ideal junction (described by Equations 2.3
and 2.4) in parallel with a resistor R and a capacitor C as shown in Figure 2.3.
The Josephson junction is represented by the cross in the model. The resistance
R builds in dissipation in the voltage state due to quasiparticle tunnelling while
C is the geometric capacitance between the two electrodes. In the BCS model
conductance is zero below the gap voltage and increases exponentially above the
gap. In HTS, conductance is normally approximated by the inverse of normal
state resistance Rn. The total current I through the circuit is a combination of
the current through the individual components and is given by
I = IJ + IR + Icap (2.8)
By using Equation 2.3 and 2.4, this becomes
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Figure 2.3: The RCSJ model. The Josephson junction is represented by the cross.
The total current is the combination of individual component currents.
I = Icsinφ +
￿
2eR
dφ
dt
+
C￿
2e
d2φ
dt2 (2.9)
This is a diﬀerential equation for φ which is non linear because of the sinφ term.
At zero temperature, for I<I c ,φ settles rapidly to a constant stable value.
For I>I c there is no static solution and the phase is time-varying. Hence
the voltage has a ac component and also components at all multiples of the
Josephson frequency. If we ignore the last term in Equation 2.9 and solve the
equation, the product IcRn determines the maximum ac voltage amplitude for a
given frequency. The dc voltage in this case for I>I c is given by
V = IcRn
￿
I/Ic
2 − 1 (2.10)
This is shown graphically in Figure 2.4.
In the RCSJ model, the Josephson junction behaves as an inductor and its
inductance is given by
LJ =
￿
2eIc
(1 − (IJ/Ic)
2)
−1/2 (2.11)
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Figure 2.4: Normalised current voltage characteristics of a Josephson junction
with C=0.
The RCSJ model can now be compared with a parallel RLC circuit. At a certain
frequency the reactive impedances of the Josephson junction and the capacitor
become equal. This resonant frequency is termed the plasma frequency and is
given by
ωp =
1
√
LJC
=
￿
2eIc
￿C
￿
1 −
￿
IJ
Ic
￿2￿1/4
(2.12)
where as
￿
2eIc
￿C is termed as ωp0. The quality factor Q of the plasma resonance
is given by
Q = ωpRC (2.13)
If we take into account the capacitance (i.e the last term of Equation 2.9) then
we expect hysteretic behaviour. This was experimentally conﬁrmed by Stewart
and McCumber [McCumber, 1968; Stewart, 1968]. If the current is measured in
units of Ic, the voltage in units of Vc = IcR, the time in units τc =( Φ0/2πIcR),
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where Vc is the characteristic voltage and fc =1 /(2πτc) is the characteristic
frequency, we can write Equation 2.9 in a dimensionless form:
i = sinφ + ˙ φ + βc¨ φ (2.14)
This equation has only a single device-dependent parameter. This is the Stewart-
McCumber parameter given by
βc =
2πIcR2C
Φ0
= Q
2 (2.15)
This parameter is a measure of the damping in the system. Damping and how it
aﬀects the IV characteristics of the Josephson junction will be discussed later in
this section.
2.2.2.2 Tilted Washboard Model
Various mechanical models are used to explain the dynamics of the Josephson
junction. These models help to gain an insight which might not come from study-
ing numerical results. A detailed account of the mechanical models is given by Ful-
ton [1977]. The most commonly used model is the tilted washboard model shown
in Figure 2.5. This model considers the motion of a ﬁctitious particle on a tilted
washboard to model the time dependent behaviour of the Josephson junction.
The average slope of the board corresponds to the bias current, the mass of the
ball to the capacitance (which is an energy storage factor), and the drag imposed
on the movement of ball corresponds to the resistance in the actual junction. The
height of the potential barrier is given by ∆U=(IcΦ0/2π)
￿√
1 − x2 − xcos−1x
￿
where x = I/Ic0.
The particle of mass (￿/2e)2C moves along the φ axis in an eﬀective potential
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Figure 2.5: The tilted washboard model. The tilt corresponds to the dc current
injected. Electrical noise is equivalent to brownian motion. Figure from Tinkham
[1996].
given by
U(φ)=−
￿
2e
(Iccosφ + Iφ) (2.16)
Depending on the bias current, temperature and damping in the system the
particle can either be in steady state or running state.
2.2.3 Damping in the Josephson Junction
Damping plays a major role in determining the dynamical behaviour of the junc-
tion. It weakly aﬀects the escape rate while the particle (in the tilted washboard
model) is at rest in one of the local minima. Its biggest eﬀect, however, is once
the particle has escaped from the local minimum. Post-escape behaviour from
the local minimum is signiﬁcantly aﬀected by the damping in the system.
Damping in the Josephson junction is characterised by the McCumber param-
eter βc which determines the amount of hysteresis in the system and is deﬁned
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in Equation 2.15. It can also be deﬁned in terms of various other parameters
βc = Q
2 =
￿
ωc
ωp
￿2
=
￿
4Ic0
πIr0
=
2πIcR2C
Φ0
(2.17)
where Q is the quality factor of the junction, ωp is the plasma frequency, ωc is
the characteristic frequency of the Josephson junction given by ωc = 2e
￿ Vc and Ir0
is the retrapping current. The dynamical behaviour can be divided into diﬀerent
categories based on the damping present in the system.
2.2.3.1 Negligibly damped Junction at T =0
With zero bias current the wash board has a zero average slope and the particle
rests in one of the local minimum. As the ball is trapped in a local minima,
so dφ/dt is zero and hence V is zero as well. The height of potential well in
this case is given by 2EJ. When the tilt of the washboard is increased by the
application of the bias current the particle starts to gain momentum. While the
bias current (I) is less than the critical current Ic, the particle does not gain
enough energy to overcome the ridge and stays in the minimum. Increasing the
bias current increases the tilt of the washboard and at the same time reduces the
height of the barrier. The height of the barrier in this case can be approximated
to ∆U =2 EJ(1−I/Ic)3/2. Once the bias current is equal to the critical current,
the height of barrier ∆U is zero and the particle can escape. The particle now
starts to roll down the washboard and dφ/dt is non-zero. The average velocity
achieved by the particle then corresponds to the junction dc voltage. This is
called the running state.
If the bias current is decreased once the particle has entered the running
state, the potential barrier starts to rise and local minima start to reappear. The
particle is slowed down until it is re-trapped again in one of the minima. The
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re-trapping current Ir, is smaller than the critical current due to the inertia of the
particle in the running state. In the particular case with no damping and T=0,
Ir is zero. Since escape current is larger than the retrapping current, the IV of
the Josephson junction is hysteretic. At any given current between zero and Ic,
the Josephson junction can be either in the zero voltage state(dφ/dt = 0) or the
non-zero voltage state (dφ/dt > 0). If the bias current is slowly ramped up to a
value greater than Ic and then ramped down while plotting the voltage, the form
of the IV is as shown in Figure 2.6.
Figure 2.6: Hysteretic current-voltage characteristics for a Josephson junction
with negligible damping at T=0.
2.2.3.2 Underdamped Junction at T>0
In an underdamped junction (with βc ￿ 1) at T>0, the particle will undergo
thermal ﬂuctuation while localised in one of the local minima. Its average position
is given by φ = sin−1(I/Ic). The amplitude of thermal ﬂuctuations increases
with temperature. Thermal ﬂuctuations cause the particle to escape from the
minimum at a bias current less than the critical current Ic. The average time,
τTA, taken for the particle to escape through this thermal activation is given by
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τ
−1
TA = at
ωp
2π
exp
￿
−
∆U
kBT
￿
(2.18)
where ωp = ωp0((1 − I/Ic)2)1/4 is the attempt frequency and at is a pre-factor
whose value is given by Ota et al. [2009a]
at =4 /
￿￿
1+( QkBT/1.8∆U)+1
￿2
(2.19)
The current at which the switch from zero voltage state to resistive state
happens is termed the switching current Isw. Thermally activated escape is a
statistical process and hence the switching does not occur at a ﬁxed value every
time the measurement is repeated. If the bias current is slowly ramped up to a
value Isw and then ramped down while plotting the voltage, the form of the IV
is shown in Figure 2.7.
Figure 2.7: Hysteretic current-voltage characteristics for an underdamped Joseph-
son junction at T>0.
182.2 The Josephson Junction
2.2.3.3 Appreciably damped Junction at T>0
In an underdamped junction the particle keeps on rolling down the washboard
due to its inertia, once it has escaped from the local minimum as explained
previously. However, if the junction is highly damped (i.e. in the presence of a
viscous ﬂuid in the washboard analogy), the particle does not enter the running
state after escape from local minimum. The particle is instead trapped in the
next minimum. After some time the particle escapes again (after average escape
time τTA) and gets re-trapped. This repeated escape and re-trapping is termed
phase diﬀusion. This behaviour is markedly diﬀerent from the underdamped case
where the particle enters the running state after escaping. The theoretical voltage
in this case is still given by Equation 2.4; however the experimentally measured
valued is proportional to the average number of escapes per second. A detailed
description of overdamped junctions is given in Ambegaokar & Halperin [1969].
They have mathematically modelled the junctions for small values of βc.
Figure 2.8: Normalised current-voltage characteristics for a Josephson junction
with appreciable damping.
The two major eﬀects of appreciable damping on the IV characteristics are
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(i) suppression of hysteresis and (ii) phase diﬀusion. Phase diﬀusion results in
a voltage on the supercurrent branch. Appreciable damping does not aﬀect the
escape rate to a great extent as it does the re-trapping rate. In phase diﬀusion
the particle escape rate as given by Mannik et al. [2005]
ΓPD = ΓTA(1 − PRT)
ln(1 − PRT)−1
PRT
(2.20)
where PRT is the probability of the particle to be trapped in the next minimum
once it has escaped from a local minimum. The re-trapping rate for the particle
as given by Benjacob et al. [1982]
ΓR =
I − Ir
Ic
ωp
￿
EJ
2πkT
exp
￿
−
EJQ2(I − Ir)2
2kTI2
c
￿
(2.21)
2.2.4 Switching Current Distribution
Switching of the Josephson junction from zero voltage to a voltage is a stochastic
process. By repeatedly measuring the switching current of the Josephson junction
a histogram P(I) can be built, whose width and shape can be used to infer the
dynamics of the Josephson junction. The shape and width of the histogram is
aﬀected by ΓTA,ΓR,ΓPD and damping in the system. Fulton & Dunkleberger
[1974] did a detailed theoretical and experimental analysis of switching from zero
voltage to the voltage state using the RCSJ model. They developed a relationship
to link the experimentally measured P(I) with the life time (the inverse of the
escape rate of the particle in the washboard model) of the zero voltage state.
Their equation was given as
Γ(I)=
1
∆I
dI
dt
ln
￿
i≥I P(i)
￿
i≥I+∆I P(i)
(2.22)
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where ∆I is a small current interval, the probability of a switch between I and
I +∆I is given by P(I)∆I and dI/dt is the bias current ramp rate. SCD will be
discussed in detail in a subsequent section in this chapter.
2.2.5 RF Eﬀects in Josephson Junctions
2.2.5.1 A.C. Josephson Eﬀect
If a dc voltage is applied across a Josephson junction, then by integrating Equa-
tion 2.4 we ﬁnd φ = φo +( 2 e/￿)Vt . By substituting this value in the Equation
2.3 the current is I = Icsin(ωjt + φ0) where φ0 is a constant of integration.
This gives us a supercurrent which oscillates at a voltage-dependent frequency
fJ =
ωJ
2π = 2eV
2π￿. fJ is known as the Josephson frequency and is directly propor-
tional to the applied dc voltage. This eﬀect is called the ac Josephson eﬀect.
This eﬀect was experimentally veriﬁed by Yanson [1965] and Giaever [1965]. The
coeﬃcient fJ/V is 483.6 × 1012 Hz/V.
2.2.5.2 Inverse A.C. Josephson Eﬀect
If a Josephson junction is driven by both a dc voltage (which will make it oscillate
at ωj) and an ac voltage at frequency of ωs, then from Equations 2.3 and 2.4 the
current through the junction is given by
Is(t)=Icsin
￿￿ t
0
2e
￿
v(t)d(t)+φ0
￿
(2.23)
where v(t)=V + Vscos(ωst) is the instantaneous voltage. Integrating Equation
2.23 we get
Is(t)=Icsin
￿
2eV
￿
t +
2eVs
￿ωs
sin(ωst)+φ0
￿
(2.24)
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where φ0 is a constant of integration. Using trigonometric identities and Bessel
functions the above equation is rewritten as
Is(t)=Icsin
∞ ￿
n=−∞
(−1)
nJn
￿
2eVs
￿ωs
￿
sin[(ωj − nωs)t + φ0] (2.25)
At ωj = nωs there are current steps (Shapiro steps) at constant voltage in
the junction current-voltage characteristics as shown in Figure 2.9. As these
steps are evenly spaced in frequency, they are also evenly spaced in voltage,
occurring at V = n￿ωs/2e. Similarly an ac current causes Shapiro steps in the
IV characteristics as shown in Figure 2.10. Theoretical and experimental values
of the step height for ﬁrst step (n=0) are shown in Figure 2.11.
Figure 2.9: IV Characteristics of voltage biased Josephson junction with Shapiro
spikes. Figure from Van Duzer & Turner [1998].
2.2.6 Magnetic Field Eﬀect in Josephson Junctions
Until now it has been assumed that no magnetic ﬁelds are applied to the Joseph-
son junction, and the self-ﬁeld (generated by the Josephson current in the junc-
tion) is negligible. If the self-ﬁeld is negligible then any applied magnetic ﬁeld will
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Figure 2.10: IV Characteristics of a current biased Josephson Junction with
Shapiro steps. Figure from Taur et al. [1974].
Figure 2.11: Experimentally determined dependence of the zeroth step height
(n = 0) for the data in Figure 2.10 in comparison with theoretical calculations.
Figure from Taur et al. [1974].
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completely penetrate the junction. On the other hand, if the Josephson currents
in the junction are large, the self-ﬁeld will not be negligible and an applied mag-
netic ﬁeld will only penetrate the sides of the junction to a certain width termed
the Josephson penetration depth λJ. For a conventional Josephson junction with
superconducting electrodes much thicker than the London penetration depth λL,
the Josephson penetration depth is given by [Φ0/2πµ0Jc(2λL + t)] for a barrier
thickness t and critical current density Jc. For an intrinsic Josephson junction
with superconducting electrodes (single cuprate double plane), the thickness is
smaller than the London penetration depth λL and the Josephson penetration
depth is given by λJ = γt where γ = λc/λab is the anisotropy and t is the sep-
aration of adjacent copper oxide double planes [Irie et al., 2000; Kleiner et al.,
1994].
In my cuprate samples the separation (t) of adjacent copper oxide double
planes is 1.3 nm and the typical value of γ is 1000 [Kleiner et al., 1992, 1994].
This gives a value for λJ of approximately 1 µm[ Mros et al., 1998; Warburton
et al., 2004]. A Josephson junction which has one or more dimensions longer
than λJ is called a long Josephson junction. A small Josephson junction has
dimensions smaller than λJ. All junctions presented in this research are small
Josephson junctions.
To understand the eﬀect of magnetic ﬁeld on Josephson junction consider the
junction shown in Figure 2.12 with an applied magnetic ﬁeld along the z-direction.
The total in plane applied magnetic ﬂux Φ changes the phase diﬀerence φ, across
the Josephson junction. The phase diﬀerence across the junction is given by
φ = φ1 − φ2 +2 e/￿
￿
A.dl (2.26)
where φ1 and φ2 are the phases in zero ﬁeld and A is the magnetic vector po-
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tential. The applied ﬁeld makes the phase φ spatially varying in the x-direction.
To incorporate the eﬀect of this varying phase diﬀerence, Equation 2.3 can be
rewritten as Js(x)=Jcsinφ(x) where Js(x) is the supercurrent density per unit
width in the x direction and Jc is the critical current density.
Figure 2.12: Application of a magnetic ﬁeld along the z-direction to a Josephson
junction. Figure from Poole [2007].
Here φ(x) can be found by integrating along the dotted path ABCD in Figure
2.12 and is given by
φ(x) − φ(0) = 2πΦ(x)/Φ0 (2.27)
where Φ(x)=Φx/W is the applied magnetic ﬂux in the junction between 0 and x;
and Φ0 is the ﬂux quantum. The Josephson current density can now be rewritten
as
Js(x)=Jcsin
￿
φ(0) + 2π
Φ(x)
Φ0
￿
(2.28)
and
Is =
JcwΦ0
πΦ
sin(φ(0))sin(
πΦ
Φ0
) (2.29)
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The maximum supercurrent ﬂows through the junction when φ(0) = ±π/2. The
magnetic ﬁeld dependence of the the critical current is therefore given by
Ic(Φ)=Ic(0)
sinπΦ
Φ0
πΦ
Φ0
(2.30)
where Ic(0) = Jcw is the critical current in zero ﬁeld. The magnetic ﬁeld depen-
dence of the critical current is shown graphically in Figure 2.13. This pattern
is similar to a two slit diﬀraction pattern commonly observed in optics and is
called the Fraunhofer pattern. The magnetic ﬁeld B0 at the ﬁrst minimum of the
Fraunhofer pattern is given by
B0 =
Φ0
w(d +2 λ)
(2.31)
Figure 2.13: Josephson Fraunhofer diﬀraction pattern showing the maximum
normalised zero-voltage current.
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2.3 High and Low Temperature Superconduc-
tors
Since Onnes’s initial observation, many superconducting materials have been
found. Along many metallic elements, metallic alloys with transition tempera-
tures up to 23.2 K were found by 1973. In 1986, Bednorz and Muller showed that
copper oxides could have a transition temperature as high as 35 K [Bednorz &
Muller, 1986]. In the following years many more compounds were discovered with
even higher Tc. Mercury based cuprates have the highest Tc of 134 K at present.
The metallic superconductors are usually called low temperate superconductors
(LTS) [Van Duzer & Turner, 1998]. Collectively the materials with transition
temperature above 23.2 K are referred to as high temperature superconductors
(HTS).
In LTS, six out of the twenty ﬁve elemental superconductors have a transition
temperature above the boiling point of liquid helium. Niobium (Nb), one of these
six, with a critical temperature of 9.2 K is favoured for junction fabrication due
to its higher chemical and mechanical stability. Various Nb alloys are also used
for junction fabrication. The superconducting energy gap ∆ is uniform in all
directions in LTS.
Three major HTS materials used to fabricate JJs are yttrium barium copper
oxide (YBCO), bismuth strontium calcium copper oxide (BSCCO) and thallium
barium calcium copper oxide (TBCCO). The majority of the work in this research
was carried out with Tl2Ba2CaCu2O8 (Tl22212) thin ﬁlms. Some work was also
carried out using Bi2212 single crystals. The crystal structure of Tl2212 is shown
in Figure 2.14. The structure has a layered series combination of superconducting
copper and insulating planes made of Tl. The copper oxide layer is about 3 ˚ A
thick with an interlayer spacing of 12 ˚ A[ Duan et al., 1991]. It is established that
the superconductivity in HTS is based on Cooper pairs [Gough, 1987]. Unlike
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Figure 2.14: Crystal structure of Tl-2212. The distance between the two copper
layers of a single superconducting element is 3 ˚ A and between the adjacent copper
oxide layers (on either side of the insulating material) is 12 ˚ A.
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LTS for which the microscopic BCS theory exists, there is no single agreed upon
microscopic theory for HTS.
HTSs do not have a uniform superconducting energy gap in all directions and
probably possess a d-wave symmetry. They have large anisotropy and are more
prone to thermal ﬂuctuations due to smaller energy gap in certain directions.
The coherence length ξ in HTS is very small compared to LTS. In cuprates ξ is
on the order of 2 nm in the ab-plane and 0.5 nm in the c-direction [Waldram,
1996]. The short coherence length, interface problems, sensitivity to oxygen stoi-
chiometry and unwanted grain boundaries all tend to degrade the reliability and
reproducibility of HTS Josephson junctions. HTS samples also degrade over time.
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The basic concept of how a Josephson junction works is same in both LTS and
HTS. However the way the junction is realised is diﬀerent. A review of low
and high temperature Josephson junctions was given by Darula et al. [1999] and
technologies for the HTS Josephson junctions were reviewed by Gross et al. [1997]
and Delin & Kleinsasser [1996].
2.4.1 LTS Josephson Junctions
LTS junction fabrication technology is rather mature by comparison with HTS.
LTS JJs use a normal metal, insulator or semiconductor as the barrier layer
to separate the Nb ﬁlms. Large arrays of LTS JJs have been fabricated using
multistage fabrication techniques and used for voltage calibration applications
[Schulze et al., 2000]. Superconducting Quantum Interference devices (SQUID)
have been used to detect extremely weak magnetic ﬁelds [Clarke, 1989]. Rapid
single ﬂux quantum (RSFQ) circuits using LTS materials operating at 100 GHz
have been manufactured [Kleinsasser, 2001]. LTS JJs have been shown to act as
coherent far-infrared radiation sources [Barbara et al., 1999]. The basic reason
for the success of LTS JJs is their longer coherence length. This means that LTS
JJs are insensitive to small (i.e. smaller than the coherence length) defects at the
interface between the superconducting ﬁlms and the barrier layer.
2.4.2 HTS Josephson Junctions
2.4.2.1 Extrinsic Josephson junctions
In extrinsic Josephson junctions the interface between the two superconductors
(i.e the weak link) is artiﬁcially fabricated. Various fabrication techniques are
available to manufacture the extrinsic Josephson junctions like grain-boundary
junctions, bi-crystalline junctions, step-edge junctions, gap-edge junctions, ramp
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junctions, weakened structures and tri-layer junctions [Barone & Pagano, 1994].
These junctions are not reviewed here as no extrinsic junctions were used in this
research.
2.4.2.2 Intrinsic Junctions
In Figure 2.14, insulating material between the copper oxide layers acts as a
weak link. Adjacent copper oxide layers are weakly coupled and the whole struc-
ture (copper oxide layer-insulating layer-copper oxide layer) acts as a series of
Josephson junctions. Hence, intrinsic Josephson junctions (IJJs) do not have any
artiﬁcially-fabricated interfaces. Junctions are formed naturally between the su-
perconducting a-b planes of the crystal, along the c-direction. Figure 2.15 shows
the amplitude of the order parameter along c direction for the Tl2212 crystal
structure shown in Figure 2.14.
Figure 2.15: Amplitude of the order parameter along c direction for the Tl2212
crystal structure shown in Figure 2.14.
Intrinsic Josephson junctions are also based on the Josephson eﬀect i.e. the
tunnelling of Cooper pairs between adjacent CuO2 planes. The presence of
Josephson junctions can be veriﬁed by
• Hysteresis in the IV characteristics
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• Temperature dependence of switching current
• Magnetic ﬁeld dependence of the switching current
• Shapiro steps
Ba2Sr2CaCu2O8 (Bi2212) was the ﬁrst material in which IJJs were discovered
by Kleiner et al. [1992]. They performed all the above tests to establish the
Josephson nature of coupling between the BSCCO layers. Their main results are
shown in Figure 2.16.
Figure 2.16: Current voltage characteristics, temperature and magnetic ﬁeld de-
pendence of the switching current and Shapiro steps measured in IJJs by Kleiner
et al. [1992].
They measured the IV characteristics and found a concave curvature (graph
labelled ‘Hysteresis’) in the resistive state. The curvature of the branches is ex-
plained by the V-shaped quasiparticle conductance observed in c-axis tunnelling
experiments [Mandrus et al., 1991]. The IVs are very similar to the IV charac-
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teristics of arrays of small underdamped Josephson junctions [McCumber, 1968].
The switching current of the Josephson junctions also followed the Ambegaokar-
Baratoﬀ relation. They measured the ﬁeld dependence of the switching current
and extracted the junction width w, which was in agreement with the geometric
scale of the junction. This enabled them to prove conclusively that Joseph-
son junctions were formed by two adjacent CuO2 double layers. They observed
Shapiro steps in the IV at two diﬀerent frequencies and found several IJJs to be
phase locked. All these results conﬁrmed the presence of Josephson junctions in
BSCCO.
Coupling between the diﬀerent layers of BSCCO has also been investigated
by Krasnov et al. [2005a]. They studied this by measuring thermal ﬂuctuations
in intrinsic Josephson junctions. The switching current statistics of the IJJ were
well described, without ﬁtting parameters, in terms of thermal activation from
the tilted washboard potential with a sinusoidal current-phase relation. This was
used as direct evidence of the dc-intrinsic Josephson eﬀect. The ﬂuctuation-free
Ic0, extracted from the analysis of switching current histograms, exhibited a T
dependence typical for SIS tunnel junctions, also consistent with the tunnelling
nature of interlayer transport in Bi-2212.
The magnetic ﬁeld-dependence of the switching current has been extensively
studied by Gaifullin et al. [2003]; Latyshev et al. [1997, 2004]. Their measure-
ments conﬁrm the Fraunhofer-like ﬁeld dependence of the switching current as
shown Figure 2.17. The fact that minima are far from the magnetic ﬁeld axis is
attributed to the formation of Josephson vortices. The amplitude of the oscilla-
tions decreases with increasing H.
They also report ﬂux-ﬂow in their ﬁeld dependent measurements in IJJs. The
applied ﬁeld introduces Josephson vortices in the junction. In high ﬁelds the
regions of vortices overlap strongly because the inter vortex distance a along
the ab-plane becomes smaller than λj. All the interlayer spacings become ﬁlled
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Figure 2.17: Dependence of the critical current Ic of Bi2212 IJJ on the parallel
magnetic ﬁeld H at T=4.2 K. The solid lines correspond to the function Ic =
Ic0 |sin(x)/x| + Ic1 with x = πHwl/Φ0, where w is the width of the junction and
l is the thickness of the junction. Figure from Latyshev et al. [2004].
by vortices forming a triangular lattice. This lattice is rigid and moves as a
whole [Bulaevskii et al., 1996]. A resonance occurs when the velocity of the
ﬂuxons becomes equal to the velocity of the electromagnetic ﬁeld propagation in
the junction. In ﬂux ﬂow, ﬂuxons are created at one boundary of the junction
and annihilate at the other boundary [Latyshev et al., 1997]. The movement of
ﬂuxons creates a voltage (V0) whose ﬁeld dependence is shown in Figure 2.18.
Initial Shapiro steps reported in IJJs were explained by the phase locking of
several IJJ junctions. Wang et al. [2000a] used the gold shunt and reduced the
normal resistance (Rn) of the junction stack to 0.5 Ω and observed the individual
Shapiro steps shown in Figure 2.19.
All the above mentioned experiments establish the fact that coupling between
the layers of cuprates is Josephson like. The majority of the work on IJJs has been
done using BSCCO. Josephson junctions have however been found in a number
of HTS materials including TBCCO and YBCO [Rapp et al., 1996; Warburton
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Figure 2.18: Large scale I-V characteristic of BSCCO overlap structure in mag-
netic ﬁeld H parallel to ab plane at 4.2 K. Inset shows a dependence of the
maximum step voltage of the ﬂux-ﬂow, Vo, on the magnetic ﬁeld. Figure from
Latyshev et al. [1997].
Figure 2.19: Typical current voltage (IV) characteristics with microwave irradia-
tion at 20 GHz, of a resistively shunted intrinsic Josephson junction. Figure from
Wang et al. [2000a].
et al., 2003a]. A topical review of the intrinsic Josephson junction was given by
Yurgens [Yurgens, 2000].
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Tl2212 has a Tc of 115 K and its crystal structure is shown in Figure 2.14.
Tl2212 has been studied extensively [Ozkan et al., 1999; Subramanian, 1988;
Wang & Ma, 2005; Warburton, 2007]. A number of experimental methods exist
to fabricate IJJs, including lithography, ion implantation and artiﬁcial multilayer
on single crystals, vicinal thin ﬁlms and thin ﬁlms. Most common methods to
fabricate the IJJs using single crystals and thin ﬁlm include the bridge structure
[Kim et al., 1999] and the mesa structure [Wang et al., 2001]. HTS IJJs have the
advantage of a better integrity of insulating layers and high critical temperatures.
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2.5 Heating in IJJ IVs
The superconducting energy gap ∆ can be extracted from the dc IVs of LTS JJs
from voltage at dI/dV →∞ . A similar feature (dI/dV →∞ ) appears in the dc
IVs of IJJs. This value of voltage (dI/dV →∞ ) in IJJs has been used to calculate
the apparent superconducting energy gap. However, it has been argued that the
gap value 2∆ deduced from the dc IVs and located at dI/dV →∞of an IJJ stack
suﬀers from self-heating [Fenton et al., 2002; Gough et al., 2000; Thomas et al.,
2000]. The mesa temperature rises above the bath temperature due to the power
dissipation. This increase in temperature reduces ρc and hence the voltage across
the junction begins to fall. More current ﬂows through this reduced resistance
and raises the temperature even higher resulting in a further voltage drop. At
higher bias currents the self heating can even cause back bending.
Heating in the IJJ stack is proportional to the number of junctions in the
voltage state. Thomas et al. [2000] measured mesa temperatures over a range
of bath temperatures and bias currents and found signiﬁcant heating at all bath
temperatures. By using short pulse measurements Gough et al. [2000] established
that the major source of non-linearity and back bending was heating. Time
resolution of better than 1 µsec is required to rule out the eﬀects of self-heating.
It was shown that I-V characteristics and the voltage at which dI/dV becomes
inﬁnite are strongly dependent on the time after the application of a pulsed
current, consistent with heating. A 10% drop in voltage value was observed 500
ns after the application of the pulse [Fenton et al., 2002].
Recently Kurter et al. [2008] have established that back bending in Bi2212
mesas has its origins in the particular temperature dependence of Rqp(T). The
strong time dependence of the shape of the characteristics makes it clear that
the inﬁnite slope and onset of the back bending feature is not an intrinsic feature
associated with the gap voltage. Hence using the voltage at which the dynamic
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conductance becomes inﬁnite [Yurgens et al., 1996] is therefore not a very useful
method to provide a meaningful measurement of the energy gap. This change in
∆ value with temperature explains why there is no unanimously agreed value of
∆ for Tl2212.
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2.6 Previous Results - Switching Current Mea-
surements
2.6.1 Temperature Dependent Switching Current Distri-
bution Measurements
The dynamical behaviour of Josephson junctions can be divided in three distinct
regions depending on the operating temperature. For EJ ￿ kBT a single escape
event, either due to thermal activation or macroscopic quantum tunnelling, will
cause the junction to switch rapidly from the zero voltage state to voltage state
(running state in washboard model). For T ￿ Tcr (Tcr deﬁned later) the width
σ of SCD, P(I), which is a measure of the strength of thermal ﬂuctuations, is
given by σ ∝ T 2/3 and this region is termed as underdamped thermal activation
distribution (UTAD). For T ￿ Tcr the width (σ) is independent of T and this
region is called macroscopic quantum tunnelling (MQT). Tcr is the temperature
below which the behaviour of the junction changes from UTAD to MQT and is
given by
Tcr ≈
￿ωp
2πkB
(2.32)
for a junction with plasma frequency fp of 500 GHz, Tcr is 3.8 K.
In presence of higher damping, the particle has a signiﬁcant probability of
being retrapped in a subsequent well after the initial escape. Thus, escaping from
the initial well does not necessarily cause the junction to switch to the running
state. The state in which repeated escape and retrapping occurs is called the
phase diﬀusion (PD) state. The temperature at which behaviour changes from
UTAD to PD is termed as T ∗. All three regions are shown in Figure 2.20 and
brieﬂy discussed below.
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Figure 2.20: Temperature dependence of the width of the switching current dis-
tribution (symbols) and the theory of UTAD and MQT theory (lines). Three
distinct regions of dynamic behaviour of Josephson junction are labelled as macro-
scopic quantum tunnelling (MQT), underdamped thermal activation (UTAD) and
phase diﬀusion (PD). Figure from Li et al. [2007].
2.6.1.1 Underdamped Thermal Activation
One way for the particle to escape from the energy minimum is by thermal ac-
tivation. Thermal ﬂuctuations provide the energy to particle to overcome the
barrier and enter the running state, provided the damping in the system is low.
Escape rate in UTAD is given by Kramers [1940] as
ΓE(I)=at
ωp
2π
exp
￿
−
∆U
kBT
￿
(2.33)
where at is a pre-factor (0 <a t < 1) which is normally taken as unity.
Thermal activation has been studied for moderate damping by Castellano
et al. [1996]; Fulton & Dunkleberger [1974]; Ruggiero et al. [1998] and low damp-
ing by Martinis et al. [1987]; Ruggiero et al. [1998]. Fulton & Dunkleberger [1974]
measured SCD on Sn-Sn tunnel junctions and determined the life time of the zero
voltage state as a function of bias current. They established the relation between
the escape rate of the particle and the experimentally measured SCDs mentioned
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in Equation 2.22.
Castellano et al. [1996] measured the escape temperature in underdamped
Nb tri-layer junctions with diﬀerent fabrication processes and having diﬀerent
characteristics. It was found that dissipation properties of the Josephson junc-
tions were strongly inﬂuenced by the current density, with lower current density
resulting in lower intrinsic dissipation. The relation between SCD width σ and
sample temperature T 2/3 has been conﬁrmed by Franz et al. [2004]; Krasnov et al.
[2005b]; Ruggiero et al. [1998]’s measurements.
In summary in UTAD the width of SCD follows the theoretical T 2/3 depen-
dence as observed by number of research groups. dσ/dT is positive until a maxi-
mum temperature termed T ∗ above which dσ/dT is negative.
2.6.1.2 Macroscopic Quantum Tunnelling
Tunnelling of the particle through the barrier at T<T cr is termed as MQT and
escape rate of the particle is given by
ΓMQT(I)=aq
ωp
2π
exp
(−7.2bq∆U/￿ωp) (2.34)
where aq ≈ [120π(7.2∆Uωp)]1/2 and bq ≈ (1 + 0.87/Q).
Preliminary results on MQT in single junctions were reported by Jackel et al.
[1981]; Voss & Webb [1981]. Experimental results on LTS JJs from both groups
showed MQT like behaviour. Devoret et al. [1985] measured MQT in a current
biased junction in which they determined all the relevant parameters in-situ using
classical phenomena. This enabled them to compare their experimental data with
theory without any adjustable parameter. They observed MQT below 25 mK for
the LTS Josephson junctions. It is important to note that, in addition to MQT,
temperature-independent σ can be generated by experimental limitations such
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as self-heating, extraneous noise, and inadequate measurement resolution. A
detailed discussion of MQT can be found in Likharev [1986].
MQT in IJJ was ﬁrst reported by Inomata et al. [2005]. Bauch measured
MQT in YBCO at 40 mK where as Inomata measured MQT in Bi2212 at 1 K, the
highest reported temperature for MQT until then. Inomata et al. [2005] compared
the experimentally measured SCD σ and Tesc to theory and found a temperature
independent behaviour below a certain crossover temperature Tcr. Their result
established the fact that it is possible to measure MQT despite the quasiparticle
dissipation. This is diﬀerent from the LTS case where no quasiparticle exists
below the superconducting energy gap.
Jin et al. [2006] measured the MQT in single junction switching and uniform
junction switching IJJ stacks shown in Figure 2.21. They found an enhanced
escape rate of MQT in uniformly switching IJJs stacks as compared to single
junction switching. The crossover temperature from MQT to UTAD was also
found to be higher for the uniform switching stack. The enhancement of escape
rate for the uniform switching stack was approximately N2 where N was the
number of junctions in the stack. It was argued that large quantum ﬂuctuations
due to interactions among the N junctions were responsible for the enhanced
escape rate and also result in a signiﬁcant increase of the crossover temperature.
I have investigated uniform switching and will present my results on uniform
switching in thermal regime in the next chapter.
Li et al. [2007] measured all three regimes in a submicron IJJ in which Ic
of the uppermost IJJ was 25 times smaller than the other IJJs in the stack.
The identical results of their P(I) measurements at several temperatures below
Tcr with diﬀerent cooling times between individual switches ensured that the
T-independent behaviour of σ for T<T cr could not have been caused by self-
heating. Their results do not shown any dependence of Ic on temperature or the
presence of higher harmonic terms at low temperature as reported by Bauch et al.
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Figure 2.21: I-V characteristics: (a) One-by-one switching of three junctions in a
stack, SJ3; (b) uniform switching of the whole stack, US1. The insets show the
full-range I-V curves for both samples. The sample geometry is sketched in the
upper right corner. Figure from Jin et al. [2006].
[2005].
Historically Josephson junction dynamics have mainly been studied by ob-
serving switching from supercurrent branch. The majority of SCD measurements
are made from the zero voltage state to voltage state. To better understand the
working of the junctions in an IJJ stack and their eﬀect on one another, some
groups have recently reported switching current distributions from quasi-particle
branches [Kashiwaya et al., 2008, 2009; Ota et al., 2009a,b].
Kashiwaya et al. [2008] reported one of the ﬁrst measurements of MQT from
the quasiparticle branch. They compared the SCD from the supercurrent branch
and the ﬁrst quasiparticle branch. They reported two main results: (i) The
temperature at which the SCD width saturated was found to be higher on the
quasiparticle branch than on the supercurrent branch; (ii) the reversal of the
switching currents of the supercurrent branch and quasiparticle branch above
and below the Tcr. They explained the higher Tcr for the quasiparticle branch in
terms of self heating due to one junction being in voltage state. They used the
model of coupled IJJs proposed by Koyama & Tachiki [1996]; Machida & Koyama
[2004]; Machida et al. [1999] to explain the reversal of the switching currents.
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They have also reported the reversal of the mean of the switching current that
is Isw1 >I sw2 below Tcr and Isw1 <I sw2 above Tcr. They explain the higher value
of T cr for ﬁrst branch in terms of a self heating eﬀect in the resistive state after
the ﬁrst switch. They found diﬀerent temperature dependences for Isw1 and Isw2
and attribute the switching current reversal to this temperature dependence.
Recently Kashiwaya et al. [2009] have measured switching current distribu-
tions from quasiparticle branches by changing the output resistance of the current
source as shown in Figure 2.22. They distinguish three types of switching: Single
Junction Switching (SJS) where the junction with the smallest switching current
switches ﬁrst independent of the load line as reported in Kashiwaya et al. [2008];
Multiple Junction Switching (MJS) when more than one but not all the junctions
switch to voltage state and the number of junctions being switched can be con-
trolled by the load line and Uniform Switching (US) in which all junctions in the
stack switch to the voltage state as reported by Jin et al. [2006].
Figure 2.22: Use of load line to control the number of junctions being switched
from zero voltage state to non-zero voltage state in Bi2201. By changing the
resistance in series with the IJJ stack the switching from various quasiparticle
branches can be measured. Figure from Kashiwaya et al. [2009]. N is the number
of junctions being switched on.
They have found that MJS occurs more frequently in Bi2201 than Bi2212 as
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the thickness of the superconducting layer in Bi2201 (0.15 nm) is less than Bi2212
(0.3 nm). This reduced thickness cannot eﬀectively shield the other junctions
from ﬁnite electrical and/or magnetic ﬁelds produced when a junction switches
to the voltage state. They also show that the width of the SCD is independent
of the load line by comparing the SCD from the second and third quasiparticle
branches.
Ota et al. [2009b] measured SCD from both the supercurrent branch and the
ﬁrst quasiparticle branch in Bi2212 with two diﬀerent device geometries. One was
a small mesa with two or three IJJs and the other was a bridge structure with a
stack of a few hundred IJJs. They found that Tcr was higher for the quasiparticle
branch than the supercurrent branch. They argue that the higher saturation
temperature of the SCD for the quasiparticle branch is not due to self heating as
had previously been reported by Kashiwaya et al. [2008] as the heat dissipation
environment for both device structures is diﬀerent. They measured the SCD from
the quasiparticle branch at various ramp rates and found the escape rate to be
independent of the ramp rate as shown in Figure 2.23. They propose an eﬀective
increase in the electronic temperature due to quasiparticle injection.
The fact that the extracted ﬁt temperature (10.2 K) is independent of the bias
current for the range between 14 µA to 17 µA suggests that there is negligible self
heating. My work involves the SCD measurements from the supercurrent branch
and ﬁrst quasiparticle branch but not at MQT temperatures. I use the exper-
imental SCDs of these branches to explain uniform switching at temperatures
higher than Tcr
SCDs from quasiparticle branches seem to consistently show a higher Tcr value
than the supercurrent branch. It has been argued that the higher Tcr is due to
the self-heating in the IJJ stack but the measurements performed on diﬀerent
device geometries, with diﬀerent ramp rates and diﬀerent cooling times between
the individual switches the biasing current show that self-heating alone can not
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explain the higher Tcr for quasiparticle branch.
Figure 2.23: The escape rate for the quasiparticle branch measured by diﬀerent
ramp rates. Tbath ￿ Teff has a good ﬁt only at 10.2 K in the current range from
14 µA to 17 µA. Solid line is the calculation using the TA theory with T=10.2
K. Figure from Ota et al. [2009b].
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2.6.1.3 Phase diﬀusion
The Josephson junction dynamic regime where σ decreases with an increase in
temperature is termed the Phase Diﬀusion regime [Li et al., 2007]. The crossover
temperature from UTAD to PD is termed T ∗. Unlike the change from MQT
to UTAD there is no established analytical formula to calculate the crossover
temperature denoted by T ∗ from UTAD to PD. The T ∗ from UTAD to Phase
diﬀusion as shown in Figure 2.20 is from the experimental data only. Crossover
temperature between UTAD and phase diﬀusion was ﬁrst reported by Franz et al.
[2004]. Crossover in temperature from UTAD to phase diﬀusion, T ∗ has been also
reported by Kivioja et al. [2005]; Mannik et al. [2005].
In non-hysteretic (overdamped) junctions in the absence of noise, for bias cur-
rent I<I c, only the stable state for the particle in the washboard model is a
potential minimum and in presence of noise, phase diﬀusion proceeds as a ran-
dom walk among these equilibrium positions. Phase diﬀusion is not commonly
observed in hysteretic junctions because thermally induced escape from a po-
tential minimum usually results directly in a switch to the voltage state [Fulton
& Dunkleberger, 1974; Lee, 1971]. Experimentally phase diﬀusion is observed
as nonzero voltage at dc bias levels below the critical current. Phase diﬀusion
in overdamped junctions is a well established phenomena [Simmonds & Parker,
1970] and follows the theoretical predictions [Ambegaokar & Halperin, 1969].
Phase diﬀusion in underdamped hysteretic single JJs was studied experimen-
tally and theoretically by Kautz & Martinis [1990]; Martinis & Kautz [1989].
They described phase diﬀusion in junctions with hysteretic IVs and concluded
that junctions have frequency dependent damping. The junctions were under-
damped at low frequency (f ￿ ωp) and over-damped at high frequency (f ≈ ωp).
Franz et al. [2004] explained the shift from UTAD to phase diﬀusion by a tem-
perature dependent Q. This change in behaviour was said to be applicable for
moderate damping. However, Krasnov et al. [2005b] showed that T ∗ will appear
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even for a temperature independent Q provided the damping is moderate. He
suggested that T ∗ can be used as a measure to estimate damping in the system
by giving T ∗ = T ∗(Q).
Fenton & Warburton [2008, 2009] have performed simulations for a moderately
damped junction with temperature independent Qand Ic. They have investigated
in detail the behaviour of Josephson junctions around T ∗ by using Monte Carlo
simulations including retrapping from the running state into the supercurrent
state as given by a model due to Benjacob et al. [1982]. They use the escape
rate ΓE given by Equation 2.33, the retrapping rate ΓR given by 2.21 and the
normalised current ramp ΓI = 1
I(dI/dt) to predict the shape of SCD. Their results
are shown in Figure 2.24.
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They identify that retrapping only has a signiﬁcant eﬀect on the dynamics
when there are escapes at currents I<I ER (where IER is deﬁned as the current at
which ΓE = ΓR). Therefore for parameters where there are no escapes for I<I ER
the switching distribution does not depart from the conventional underdamped
thermal distribution as shown in Figure 2.24a. As the temperature increases
to T ∗ the current IEI (where IEI is deﬁned as the current at which ΓE = ΓI)
decreases and multiple escape and retrapping events occur; that do not result in
the count of a switch due to too small average voltage (note the missing tail in
the blue points). Switching only occurs at currents I>I ER. The shape of the
SCD at this temperature starts to depart from the theoretical underdamped case
as shown in Figure 2.24b. At T>T ∗ shown in 2.24c, for normalised bias current
ΓI < ΓER, ΓR is much higher than ΓE and as soon as an escape event occurs, the
particle is retrapped. Higher ΓR does not allow any switch events to register unless
normalised bias current ΓI is above ΓER. This makes the switching distribution
narrower as compared to the underdamped thermal case. In summary PD in
hysteretic IJJs occurs due to higher damping at the escape frequency (≈ ωp) in
the Josephson junction and its eﬀects include a reduction of σ and a negative
dσ/dT.
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2.6.2 Switching Current Measurements with RF Irradia-
tion
Measurements under RF irradiation on IJJs were performed by Irie & Oya [1995];
Irie et al. [1994, 1996]; Oya et al. [1992]. On irradiating the IJJ stack the criti-
cal current of the junction was found to be suppressed with low RF power and
at higher RF power, microwave steps appeared on the IV as shown in Figure
2.25. The fundamental step (FS) appeared with lower microwave power and with
further increase in microwave power several smaller steps termed subharmonic
steps (SSs) with nearly equal voltage spacing Vs appeared. Vs was two orders of
magnitude larger than that based on the Josephson relation ∆Vs = fΦ0(≈ 20µA)
where f was the frequency of the irradiating microwave. In addition, it was found
that the series of SSs were characterised by even and odd steps, respectively,
depending on the frequency of the irradiating microwave. The step voltage Vs
showed a
√
P dependence on the microwave power as shown in Figure 2.26.A
Vs much larger than the expected value can be interpreted as the phase locking
of a number of ﬂuxons.
A similar power dependence of fundamental and subharmonic steps above a
critical power Pc was also observed in Irie & Oya [1997]. The linear dependence
of the fundamental step height on
√
P suggested that it was caused by unidirec-
tional ﬂux-ﬂow caused by the external microwave. The origin of the FS and SS
were related to the phase locked ﬂux ﬂow and the synchronous coupling between
the microwave induced ﬂuxon motion in the IJJ and microwave signal. It was hy-
pothesised that in the naturally stacked Josephson junctions the two-dimensional
standing wave associated with the directions of length and height of a mesa, aris-
ing from the interactions between ﬂuxons in adjacent junctions, was stabilising
the coherent motion of ﬂuxons.
Prusseit et al. [1997] observed gap suppression, critical current reduction and
512.6 Previous Results - Switching Current Measurements
Figure 2.25: IV characteristic of a BSCCO mesa with RF irradiation at 4.2 K. FS
is the fundamental step and subharmonic steps are labelled by numbers 0,2,4,6
and 1,3,5. Figure from Irie et al. [1996].
Figure 2.26: Power dependence of the voltage Vs of the microwave induced steps.
n is the step number in the dc IV. Figure from Irie et al. [1996].
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a variety of complex structures in the IJJ IVs under microwave irradiation. Al-
though the IJJs used by Prusseit et al. [1997] were about 100 times smaller than
the IJJs used in Irie & Oya [1997] study, the results were also explained by co-
herent vortex motion in the IJJ stack. Although the mesa size was smaller in
area than the magnetic penetration depth, it was still larger than the Josephson
penetration depth, which determines the scale of phase variations, and hence the
junctions could still be treated as long junctions. Vortex-ﬂow motion has been
observed in IJJs by other researchers as well [Helm et al., 2000; Krasnov et al.,
1999; Odagawa et al., 1999].
A diﬀerent kind of step structure has also been reported which does not have
the
√
P power dependence [Johnson et al., 1997; Tachiki et al., 2005; Wang et al.,
2000b]. These steps can not be explained by ﬂuxon motion. Tachiki explained
that these steps were produced by the inverse ac Josephson eﬀect. It was con-
cluded that the step voltage was caused by higher harmonics of the microwave
frequency. Tachiki’s experimental results and simulations veriﬁed the proposed
explanation [Tachiki & Uchida, 2007]. In both kinds of steps the observed step
voltage is much larger than the Shapiro step voltage from the microwave frequency
possibly due to phase locking of more than one junction.
The distribution of microwaves inside the junction stack was studied by Bae
et al. [2003]. Microwaves were found to be uniformly distributed below a cut-oﬀ
frequency of approximately 84 GHz as shown in Figure 2.27. Above this cut-oﬀ
microwaves were found to have a stronger distribution in the middle of the stack.
The cut-oﬀ frequency was found to be related to the IJJ stack size. Thus, to
apply a microwave uniformly across an entire stack of IJJs, it may be desirable
to design the stack geometry so as to select measurement frequencies ranging
between the Josephson plasma frequency of individual IJJs and the lowest cutoﬀ
frequency of the sandwiched stack.
Major result of microwaves application to IJJs is suppression of the critical
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Figure 2.27: The suppression of Ic of the third and the ninth branches as a
function of square root of microwave power. The lines denote the average values of
Ic, 25mA, and 38 mA, for the frequency range of 70 GHz and 90 GHz, respectively.
Figure from Bae et al. [2003].
current. Steps on the dc IV appear. The power dependence of the RF-induced
steps is similar to ﬂux ﬂow behaviour and hence RF induced steps are termed
as ﬂux-ﬂow branches. The distribution of microwaves inside the IJJ stack is
dependent upon the stack’s dimensions and the plasma frequency of IJJs.
In this chapter basic concepts and theoretical background required to follow
the results presented in a later chapter were discussed. Superconductivity and
type-I and type-II superconductivity were discussed. The Josephson junction,
Josephson equation, diﬀerent models of Josephson junction and eﬀect of damping
and magnetic ﬁeld on the current voltage characteristics of Josephson junction
were also presented. High temperature superconductors and low temperature
superconductors were discussed with various types of Josephson junctions realised
in these materials. Switching current distribution and previous results of SCD
were presented. Eﬀect of microwaves on current voltage characteristics ﬁnally
concludes this chapter.
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Experimental Details
This chapter discusses the sample preparation and measurement setup. The sam-
ple preparation section describes thin ﬁlm growth, photolithography, argon ion
milling and Focused Ion Beam (FIB) processing along with FIB material deposi-
tion. The measurement set up section describes details of the measurement probe
and its associated electronics. The procedure to obtain current voltage character-
istics is discussed followed by switching current distribution of the supercurrent
and higher order branches.
3.1 Thin Film Sample Preparation
This section describes the procedure followed to fabricate a thin ﬁlm sample.
Sample preparation starts with the growth of a Tl-2212 ﬁlm on a LaAlO3 (LAO)
substrate. As-grown ﬁlms were characterised to ensure the phase purity and
quality of the ﬁlm. Photolithography was then used to transfer the device pattern
onto the ﬁlms in the clean room. An argon ion miller was used to remove the ﬁlm
from areas not covered by photoresist. Argon milled ﬁlms were ﬁnally processed in
the FIB to make a stack of Intrinsic Josephson Junctions (IJJs) for measurements.
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3.1.1 Film Growth
The Tl-2212 thin ﬁlms were grown on LAO substrates via a two-step physical
vapour deposition technique. A typical cycle of ﬁlm production involved de-
greasing of the LAO substrate, Ba-Ca-Cu-O amorphous thin ﬁlm sputtering, and
thalliation annealing of the resulting structure in a Tl2O vapour to crystallise the
ﬁlms in the 2212 phase. The thin ﬁlms used in this work were grown and charac-
terised by Dr. Susannah Speller and Mr. Michael Korsah of Oxford University1.
Film growth was a two step process. The ﬁrst step was sputter deposition
of an amorphous Ba-Ca-Cu-O (BCCO) precursor on an LAO substrate. One
side polished c-axis oriented [001] LAO substrates were sourced from Crystal
GmbH2. Crystals had an area of 10 mm by 10 mm and thickness of 0.5 mm. The
LAO crystals were used because of good lattice matching with Tl2212 [Bramley
et al., 1999; Hollmann et al., 1994; Phillips, 1996; Young et al., 1991]. The
LAO substrate was degreased by ultrasonic cleaning in acetone followed by a
rinse in methanol. Cleaned substrates were then blow-dried using nitrogen. This
removed any surface contaminants which might compromise the ﬁlm growth and
its quality at a later stage. Radio Frequency (RF) magnetron sputtering was
used to deposit amorphous Ba-Ca-Cu-O thin ﬁlms, slightly deﬁcient in copper,
in a Nordiko sputterer system. The Cu deﬁciency gives a better ﬁlm stability
[Speller, 2003]. The ﬁlms were deposited in an atmosphere of 90%Ar-10%O2 at
a ﬁnal pressure of 5×10−4 mbar. In a typical sputter deposition run, the LAO
substrate were mounted onto a copper plate with with an approximate distance
of 9 cm below the Ba-Ca-Cu-O target. A deposition rate of 100 nm/30 minutes
(conﬁrmed with a cross-section scanning electron microscopy (SEM) technique)
was used to achieve a ﬁnal ﬁlm thickness of 700 nm. The substrate temperature
rose to 100 ◦C during ﬁlm deposition due to plasma bombardment. In order to
1http://www.materials.ox.ac.uk/
2http://www.crystal-gmbh.com
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protect the ﬁlm and its highly reactive elements Ba and Ca from condensation of
water vapour, ﬁlms were allowed to cool down for over one hour before breaking
the vacuum. The prepared ﬁlms were immediately sealed in plastic bags and
stored in a desiccator with silica gel before thalliation.
The second step in ﬁlm growth was thalliation of the BCCO thin ﬁlm. This
process was carried out in a custom-built glove box at Oxford University. In the
thalliation process, 0.8 g of freshly prepared Tl2Ba2CaCu2O8 source powder was
put in a sealed 2.5 inch alumina crucible together with the amorphous BCCO
precursor ﬁlm , which was positioned in the centre of the furnace. Sealing of
the crucible was important as any Tl2O vapour escaping would result in non-
stoichiometric phases. During the thalliation process the temperature was fast
ramped from 0 to 600 ◦Ca t9 0 0◦C/Hr, and then at a slower rate of 300 ◦C
/Hr to the ﬁnal temperature which was in the range of 790 to 860 ◦C; this was
maintained for between 1 and 15 hours. After the set time, the furnace was
allowed to cool overnight to a ﬁnal temperature of 50 ◦C before the ﬁlm was
removed from the crucible. The Tl-2212 ﬁlm was then sealed in a plastic bag and
washed with water for 2 minutes. The fully grown ﬁlm was then retrieved for
microstructure characterisation. A thin layer of gold, about 700 nm was ex-situ
sputter deposited to protect the ﬁlm from the environment.
3.1.2 Sample Fabrication
Sample fabrication consisted of photolithography, Ar ion milling and Focused
Ion Beam (FIB) processing. Photolithography was used to transfer the device
pattern onto the thin ﬁlms. Ar ion milling was used to selectively remove the thin
ﬁlm material from the substrate. The ﬁnal step in the sample fabrication was
patterning with a Focused Ion Beam (FIB). An overview of the sample fabrication
is shown in Figure 3.1.
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Figure 3.1: An overview of sample fabrication process.
3.1.2.1 Photolithography
The ﬁrst step after ﬁlm growth for junction fabrication was photolithography.
Pattern transfer was achieved by using S1818 photoresist, a 4"ultraviolet pho-
tolithography mask and Karl S¨ uss MJB 3 mask aligner. The mask aligner oper-
ated at a wavelength of 400 nm and had a resolution of roughly 0.6 µm, which was
higher than the smallest features of 4 µm on the device pattern. The exposure
power used in this work was 18-20 mW.
Two masks were used in this research for photolithography, both having al-
most the same design but with diﬀerent widths of the central track. The mask
mostly used for this work was designed by Dr. Jon Fenton and is shown in Fig-
ure 3.2. The width of the central track in this mask was 4 µm and the width
of connecting arms was 20 µm except for the four end arms, two on either side
where width was 70 µm.
S1818 was spin coated at 4000 rpm for 30 seconds on the thin ﬁlm giving a
ﬁnal thickness of about 2 µm. One millimetre of photoresist from the substrate
edges was removed using an edge bead removal mask. The thin ﬁlm with the edge
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Figure 3.2: Close up of original mask showing 9 sites on central track for FIB
processing. Numbering starts from the bottom with A0 to A9. A0 is for identiﬁ-
cation purposes and is also used for practice runs and alignment in FIB. Actual
device pattern where Tl2212 ﬁlm is left after argon milling is shown in black with
annotation in red.
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bead mask in contact was exposed to ultraviolet light for 12 seconds and then
developed in a mixture of 1 part Microposit 351 and 2 parts water. Edge bead
removal was required due to the square nature of substrate, as the photoresist
thickness is non uniform and the thickness at the edges was greater than at the
centre of substrate. If edge bead removal was not performed, the actual device
mask (C3) would not be fully in contact with the ﬁlm everywhere and the resulting
exposed pattern would have poor deﬁnition. Edge bead removal was repeated if
the optical microscope showed that all the exposed photoresist had not been
removed. The actual device pattern was then exposed for 3 seconds at 18-20 mW
and then developed for 20 seconds. At the end of this step photoresist had been
removed from everywhere on the ﬁlm except for the actual device pattern. The
patterned thin ﬁlm was then hard baked at 110 ◦C for one minute to improve the
bonding between the photoresist and thin ﬁlm.
3.1.2.2 Argon Ion Milling
Argon ion milling was used to selectively remove the parts of the thin ﬁlm not
covered by the photoresist. A non localised vertical broad beam of argon ions
accelerated through 500 volts with a beam current of 20 mA was used for milling.
Control of this step was visual and the decision to stop milling was made by
periodic inspections of the ﬁlm being milled. The milling rate varied substantially
with the age of tungsten ﬁlament. The milling time also varied depending upon
the thickness of ﬁlm and gold. On average it took about 10 to 20 minutes to mill
the ﬁlms.
This step was performed using argon miller in the nanoscience centre at Cam-
bridge University by Dr. Jon Fenton since no suitable argon ion miller was
available at University College London. A picture of an Ar milled track is shown
in Figure 3.3.
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Figure 3.3: Thin ﬁlm after argon ion milling after removal of the residual pho-
toresist. The horizontal track shows clean, vertical edges.
3.1.2.3 FIB Device Patterning
FIB produces and directs a stream of high-energy ionised gallium atoms, focuses
them using electric ﬁelds and directs them onto the sample for both milling and
imaging. During this research a Carl Zeiss 1540 Crossbeam system as shown in
Figure 3.4 was used. The system comprised of a Gemini SEM column from Carl
Zeiss with an add-on Orsay Physics Canion 31 FIB column. A broad 3 cm Ar
ion miller was added recently. All three beams share the same vacuum space and
hence all the processing can be done in a single run without breaking the vacuum
and without exposing the sample to air during the processing.
The two most common milling modes of FIB used in this research were ’Mill for
time’ and ’Deposition’ mode. The basic diﬀerence between the two milling modes
is the beam scanning pattern. In mill for time mode ion beam scans in a line from
one side to the other side of the milling object as displayed on computer screen
[SMT, 2008]. The mill for time mode calculates the dwell time of the beam by
using the milling time, the size of the milling object, the increment style and the
number of layers. The depth of the milling pattern results from these parameters
and is material dependent [SMT, 2007]. In deposition mode the object area is
evenly exposed to the ion beam. The beam is scanned in a continuous raster
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fashion from one side to the other side and back. Beam movement is controlled
by two scanning frequencies, X scan frequency for control in horizontal direction
and Y scan frequency for vertical control.
Figure 3.4: Triple beam Leo 1540 at UCL. The SEM column is vertical labelled
’Gemini’. The FIB column is mounted 54◦from the vertical axis on the left. A 3
cm 1 kV argon gun is also installed (not visible in picture). The system has an
energy dispersive x-ray spectroscopy system; the coolant storage tank is shown
in the picture labelled ’EDAX’.
The sample was mounted on the universal stage and grounded with either
silver paint or carbon tape for FIB processing. FIB processing was done in three
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Figure 3.5: FIB patterning:(a) SEM view of a narrowed down track using 200 pA.
Note that the layering interface between gold & Tl2212 and Tl2212 & substrate
is not visible. (b) SEM view of a track which has been polished to remove the
amorphous region. Interface between diﬀerent layers is clearly visible. (c) FIB
view of the polished track. The FIB Beam is at 5◦to the substrate. (d) FIB view
of a fully prepared, device geometry showing the active region i.e overlap region
between the Upper Lateral (UL) cut and Lower Lateral (LL) cut. Imperfections
in the ﬁlm are also visible.
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steps, narrowing down of central track, polishing of the track and lateral drilling
as shown in Figure 3.5. The ﬁrst and second steps are performed with the FIB
beam perpendicular to the central track whereas for the third step FIB beam is
at an angle of 5◦to the central track. In the ﬁrst step a small region of 4 to 6
microns in length was narrowed down from both sides. The width was reduced
from 4 microns to one micron. Reduction of the width was required to make a
sub micron junction area and to reduce the time of lateral drilling in step 3. This
narrowing down makes the sloping side walls become vertical. Narrowing down
was usually done in deposition mode with a 200 pA beam current, an X scan
frequency of 20000 Hz and a Y scan frequency of 0.2 Hz. The interface between
the Gold and Tl2212 layers was not visible at the end of the ﬁrst step due to the
presence of amorphous material generated by the high FIB current as shown in
Figure 3.5 a.
The second step in FIB fabrication was to polish the narrowed down track to
remove the amorphous material from the ﬁrst step. Polishing was done using a
lower FIB beam current of 10 pA or 20 pA in mill for time mode with typically
the time set to 800 seconds and the number of layers set to 80. The width of the
polished track was typically about 500 nm to 600 nm. Polishing improved the
interface detail as shown in Figure 3.5 b.
Two lateral cuts were made in the central track in the third FIB fabrication
step; one labelled Upper Lateral (UL) and the second one labelled Lower Lateral
(LL). An FIB beam current of 10 pA was used in deposition mode with X scan
frequency of 20000 Hz and Y scan frequency of 0.2 Hz. The FIB beam was at
5◦to the substrate while drilling UL and LL. This is the minimum angle required
to avoid charging up of the insulating substrate. A complete device is shown in
Figure 3.5 d.
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3.1.3 Problems in Sample Preparation
The sample preparation procedure discussed above although straightforward, had
two speciﬁc problems which occurred repeatedly:
• The width of the central track was too narrow after the argon ion milling
step.
• Sample charging in FIB.
3.1.3.1 Track Thinning
The whole procedure of photolithography and Ar ion milling would ideally result
in a sample with a central track having clean vertical walls ready for FIB pro-
cessing as shown in Figure 3.3. However, at times the resulting sample at the end
of the Ar milling step had a very narrow central track width. This could not be
used to make stacks of IJJs in FIB. One such sample is shown in Figure 3.6. If
we compare this sample with the one shown in Figure 3.3 we see that the width
of central track is much narrower and the side walls are sloping and not vertical.
Figure 3.6: A thin ﬁlm after photolithography and Ar Ion milling. The width
of the central track is considerably narrower and the side walls are sloping as
compared to Figure 3.3. The top most layer (dark in the image) is photoresist.
One reason for track thinning could be poor contact between the mask and
thin ﬁlm during photolithography. Poor contact can be due to uneven ﬁlm thick-
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ness due to edge bead. Poor contact between the mask and ﬁlm was avoided by
removing the thicker edge bead. Contact between the mask and substrate was
ensured by observing colour fringes on the substrate when mask was in contact
with the ﬁlm substrate. The area of unexposed photoresist will be narrower than
on the actual mask if there is poor contact. In order to ensure that ﬁlms are
exposed correctly and the width of unexposed photoresist track was the same as
on the mask, ﬁlms were inspected under a powerful optical microscope (maxi-
mum magniﬁcation 1000 times). The ﬁlms were reprocessed whenever the ﬁnal
patterning in the lithography was not satisfactory.
The end point detection in Ar ion milling could be another problem. The
milling time was a trade-oﬀ between over-thinning of the tracks by milling too long
or leaving material between the tracks by milling too little. Both of these problems
can be overcome by increasing the width of central track. A new mask was
therefore designed using Layout Editor1. This was essentially the same as original
mask design but with wider central track width. The width of the connecting
arms was also made uniform throughout their entire length and increased to 20
µm. A close up of part of the new mask plate is shown in Figure 3.7. The new
mask has diﬀerent devices with central track widths of 6 µm, 10 µm, 14 µm and
18 µm. The mask was manufactured by Compugraphics Limited.2. The increased
central track width ensured that samples could be patterned in the FIB even if
they were over-milled.
3.1.3.2 Sample Charging in FIB
The FIB uses ionised gallium for imaging, milling and metallisation. When these
charged ions strike an insulating surface or a conductor which is not properly
grounded, a charge starts to build up. One immediate eﬀect is instability in the
FIB image. The FIB image starts to move depending on the severity of the charge
1http://layout.sourceforge.net/
2Compugraphics International Ltd, Glenrothes, Fife, KY7 4NT, UK
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Figure 3.7: Close up of the new mask showing increased width (18 µm) of the
central track shown in green. The width of the connecting arms was made uniform
(20 µm) throughout.
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build up. To avoid sample charging the sample needs to be properly grounded.
Initially Agar Scientiﬁc’s 1 silver paint G3648 (silver paint) was used to ground
the thin ﬁlm to the SEM stub. This provided a very good and quick grounding
mechanism. One problem realised on repeated application and removal of silver
paint was the presence of stray particles of silver paint on thin ﬁlms. An SEM
image of such stray ﬂakes is shown in Figure 3.8.
Figure 3.8: Small portions of silver paint used to mount and ground the sample
on SEM stub can break oﬀ and stick to the substrate. These ﬂakes cause charging
in the FIB and this results in an unsteady image.
These stray particles cause severe charging and depending on their location,
it might not be possible for the LL and/or UL cuts to be drilled. To avoid this
problem, silver paint was replaced by conducting carbon tape, G3939 from Agar
scientiﬁc. Figure 3.9 shows carbon tape used to ground the sample.
1http://www.agarscientiﬁc.com
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Figure 3.9: Double sided carbon conducting tape visible on the right side in black
is used to mount and ground the thin ﬁlms on the SEM stub.
3.2 Focused Ion Beam (FIB) Deposition
FIB deposited tungsten was used to isolate the IJJ stacks from environment.
Principle of FIB tungsten deposition is shown in Figure 3.11. A gas precursor
of Tungsten hexacarbonyl, W(CO)6 was introduced close to the sample surface
through the GIS nozzle. The precursor created a local high pressure in the region
scanned by the ion-beam and was adsorbed on the surface. Focused Ga ion beam
decomposed the adsorbed gas molecules on sample surface and converted them
to non-volatile and volatile products. Volatile products of the decomposition
desorbed from the surface and were removed through the vacuum system. Non-
volatile products i.e W was left ﬁxed on the sample surface. Deposited material
was not pure as it contains some of the Ga+ ions and other amorphous materials
such as carbon.
To perform tungsten deposition, the sample was put inside the chamber, and
the tungsten source and control capillary were heated. The sample was then
moved to the incident point (working distance of 5 mm from SEM column) at
an angle of 54 ◦as shown in Figure 3.10 to make the sample perpendicular to
the Gas Injection System (GIS) and FIB. The tungsten nozzle was brought to
the sample once the tungsten reservoir was heated to the required temperature.
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Figure 3.10: Schematic showing sample and nozzle position during FIB deposi-
tion.
Figure 3.11: Principle of FIB deposition.
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The typical temperature for tungsten reservoir during deposition was 67 ◦Ct o
69 ◦C. A deposition object was drawn on the computer screen at the required
place with the deposition beam current set to typical value 20 pA, The X scan
frequency (20 kHz), Y scan frequency (0.2 Hz) and deposited material (tungsten)
were selected before opening the control valve to allow the gas precursor to enter
the vacuum chamber. It is pertinent to mention that the Leo 1540 software can
only allow a rectangular object to be drawn for deposition. The typical base
chamber pressure before introduction of the precursor gas was 2.4 × 10−6 mbar
and during deposition it was between 1-2 ×10−5 mbar.
It is important to remember that incident ion beam not only breaks down
the precursor gas for deposition but it also mills at the same times. In order
to maximise the deposition rate and minimise the milling rate, right value of
ion beam current has to be selected. Selection of ion beam current depends
on the deposition area, an empirical value of 100-150 pA/µm2 for W(CO)6 is
recommended [Yao, 2007]. Lower beam currents than the recommended value
although has a slower milling rate but it will not decompose all the gas and
therefore will have a slower growth rate and long deposition time. In contrast a
too high value of beam current will have a higher milling rate than the deposition
rate as all gas is used up by only part of ion beam and the remainder ions then
mill the sample.
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3.3 Measurement Set up
The FIB patterned sample was mounted on a custom made chip carrier and elec-
trically wired using silver paint. A sample mounted on a chip carrier is shown
in Figure 3.12. The chip carrier was inserted in the receptacle on a dip probe as
shown in Figure 3.13. A mu-metal shield was used to screen the magnetic ﬁeld
from the sample space. The sample was cooled down by inserting the dip probe
in a dewar of liquid helium. Control of the sample temperature was obtained by
controlling the height of the dip probe inside the dewar. Two types of measure-
ments were performed on the fabricated samples: current-voltage characteristics
and switching-current distributions. Both measurements use the same dip probe
but diﬀerent current control electronics.
Figure 3.12: A thin ﬁlm chip mounted in the chip carrier ready for measurement.
One complete half with 9 sites wired is shown.
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3.3.1 Dip Probe
The dip probe was designed and built by Dr Asan Kuzhakhmetov, a former
member of the group. The dip probe has three major parts. The lower portion
has a receptacle housing for the custom made chip carrier. The chip carrier
receptacle is built around a copper block as shown in Figure 3.13. A groove in
the copper block houses the thermometer for sample temperature measurement.
The thermometer used for temperature measurement is CX-1070-SD-4L from
LakeShore which has a resolution of 36 µK at 4.2 K. Two semi rigid RF cables
running from the top of the probe are also terminated in the lower portion; one
of these was used for feeding the RF signal to the sample space. A total of
twenty-four sample coaxial lines (not visible in Figure 3.13) are soldered at the
back panel of the chip carrier receptacle.
The middle portion of the dip probe consists of a hollow tubing. All wires
including sample coaxial lines, thermometer wiring and RF cables coming from
the sample space pass through this tube to their associated electronics at the
top of the probe. The hollow tubing besides providing the space for housing
the wiring provides the mechanical strength and a means of coarse temperature
control by controlling the height of the sample inside the helium dewar.
The top portion of the probe consists of a voltage ampliﬁer, an analogue cur-
rent source, a programmable matrix board and ﬁlters. Sample coaxial lines from
the sample pass through miniature threaded LC circuit ﬁlters DLT4/L/22000
from Oxley. These ﬁlters remove unwanted noise and attenuate undesired sig-
nals. The ﬁlters have a typical insertion loss of 12 dB at 1 MHz and 70 dB at 10
GHz. The outer conductors of all the sample coaxial wires are connected to the
common chassis ground. The RF cables are connected to their respective male
SMA connectors ANNE-50X at the top of the probe and have a frequency range
of dc - 40 GHz.
All sample coaxial lines after passing through the ﬁlters are connected to a
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programmable matrix board from Farnell. The matrix board consists of two
parallel decks with bus bars at right angles to each other. Contact between the
bus bars is made by using a contact plug. Selected sample coaxial lines are
connected to the current source and voltage ampliﬁer. Use of the matrix board
allows us to measure any of the wired devices by using contact plugs in a four
terminal fashion without having to extract and reinsert the probe.
3.3.2 Current - Voltage Characteristics
An overall block diagram of the current voltage measurement set up is shown
in Figure 3.14. The measurement set up consists of a manual DC current con-
trol, analogue current source, patch panel, ﬁlters, voltage ampliﬁer, temperature
controller (used only for reading the sample temperature) and RF source. A
manually controlled multi turn variable resistor inside the current control pro-
vided the driving voltage for the current source. Current from the current source
routed by the patch panel and ﬁltered by LC ﬁlters was fed through the IJJ stack,
represented by the X in Figure 3.14. The voltage across the junction stack was
fed to the voltage ampliﬁer after ﬁltering. The analogue value of the current to
the sample and the voltage from the ampliﬁer was fed to the data acquisition
card inside the PC. The sample temperature was also recorded using a GPIB in-
terface. Data acquired was then displayed and saved to a text ﬁle using Labview
code originally written by Dr Asan Kuzhakhmetov. Major modiﬁcations were
made later by Dr Jon Fenton. I modiﬁed the existing code on requirement, e.g
for switching current distribution measurements.
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Figure 3.14: Schematic view of the I-V measurement set up. The area inside the
dotted rectangle includes the IJJs (shown by the cross), the temperature sensor
and RF antenna and is inside the liquid helium dewar, while the rest of the
electronics is at room temperature. The temperature controller was used only to
read the sample temperature.
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Current voltage characteristics were obtained using a four terminal conﬁgu-
ration. Typical IV characteristics of an IJJ stack are shown in Figure 3.15. The
junction stack is current biased to obtain these characteristics. To obtain the IV
characteristics shown in Figure 3.15, the current was manually increased from
zero to Isw (47 µA in Figure 3.15) along the arrow from A to B. This branch
with no voltage is called the supercurrent branch or branch 0. When the current
value reached Isw the IJJ stack switched from the zero voltage state (point B)
to voltage of about 1.1 volt (point C). The current was then reduced from C
to D and then to E. The current was increased again from point E allowing us
to trace one branch of the IJJ stack (from E to F). When the current reached
the switching current of the E-F branch, the IJJ stack again switched to high
voltage value along F to G. All the branches in the IJJ stack can be traced by
this repeated increase and decrease in the biasing current.
3.3.3 Switching Current Distributions
Figure 3.16: Low-voltage region of the IV characteristics of a sample at 4.2 K.
Only the ﬁrst four branches are shown.
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Switching current measurements were made once the IV characteristics had
been measured. The low-voltage region of the IV characteristics of a sample
is shown in Figure 3.16. Switching current measurements were divided into two
groups: one from the supercurrent branch (branch 0) and the other from all other
higher order branches e.g branch 1, branch 2 and so on. Switching current mea-
surements build up a histogram of the switching current values on each branch.
Typically 5000 measurements were made for each histogram. To build up a his-
togram, the basic measurement set-up was same as shown in Figure 3.14, but the
manual dc current control was replaced with an automatic current control.
3.3.3.1 Switching Current Distribution of Supercurrent Branch (Branch
0)
To measure the switching current distribution from the supercurrent branch the
manual dc current control in Figure 3.14 was replaced by a triangular wave gen-
erator. Either a custom-built triangular waveform generator or a commercially
available function generator from RS Components were used to measure switching
current distributions from the supercurrent branch.
To measure the switching current distributions from the supercurrent branch,
current was ramped up at a constant ramp rate of typically few mA/sec from A
to B as shown in Figure 3.17. The amplitude of triangular wave was adjusted to
obtain a peak current slightly more than the maximum switching current Isw0 of
the supercurrent branch. A threshold voltage Vth0 set close to the supercurrent
branch was monitored to detect a switch. Typical values used for Vth0 were below
1 mV. Once the IJJ stack switched from the zero voltage to the voltage state and a
voltage greater than the Vth0 was detected, the current value at which the switch
occurred was recorded. The current was ramped to the maximum amplitude
(slightly higher than the maximum switching current) and then ramped down.
Whilst ramping down the current followed the same path as already discussed in
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Figure 3.17: Switching detection from supercurrent branch. A switch is recorded
whenever a voltage greater than Vth0 was detected on an increasing current ramp.
section 3.3.2. Once the current reached zero, it was ramped up again to record
the next switch. This automatic repetition of ramping up and ramping down
of the bias current enables the histogram to be collated. The switching current
distribution of the supercurrent branch (branch 0) of the sample shown in Figure
3.16 is shown in Figure 3.18.
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813.3 Measurement Set up
3.3.4 Switching Current Distribution of Higher Order Branches
In order to measure the switching current distributions from higher order branches
e.g branch 1 in Figure 3.19, a simple triangular wave current control could not be
used for two reasons. First, the larger switching current of branch 0 would switch
the IJJ stack to a higher voltage rather than to the closest branch i.e branch
1. Secondly the triangular current control did not have the provision for current
ramp direction control based on control criterion deﬁnable by user. It would
only change the ramp direction once it has reached the maximum amplitude
set by the user. A new current control was designed and fabricated to measure
switching-current distributions from higher-order quasiparticle branches. The
original concept was proposed by Dr Paul A. Warburton.
Figure 3.19: Technique for measuring switching events from branch 1. The junc-
tion stack voltage Vjj is continuously compared with two preset voltages, Vut and
Vlt to control the direction of current ramp.
The proposal was taken up as an undergraduate project by Mr. Hassan Ali,
who designed and implemented the current control in its early form. The circuit
was later redesigned and improved upon by Dr Jon Fenton and by me. The block
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Figure 3.20: Block diagram of the automatic sweep generator. The sample voltage
Vjj is continuously compared with two preset voltages, Vut and Vlt to change the
direction of current ramp. The latch provides input to the selector switch, which
selects the ramping voltage input for the integrator.
Figure 3.21: Current-Voltage pattern while measuring switching current distri-
butions from branch 1. Comparison between the sample voltage Vjj (blue) is
done with the two preset voltages, Vut and Vlt (red lines in the upper picture).
Changes in current ramp direction (lower picture) occurs when Vjj crosses any of
the preset threshold. I0 is the switching current of branch 0 which has a higher
value than the I1, switching current of branch 1.
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diagram of the circuit in its ﬁnal form as used is shown in Figure 3.20.
The measurement setup to measure switching current distributions from higher
order quasiparticle branches consists of the same setup as described in Figure 3.14
with the manual DC current control replaced by the new automatic current con-
trol shown in Figure 3.20. The circuit works by comparing the measured sample
voltage, Vjj across the IJJ array, against two preset threshold voltages speciﬁc to
the branch being measured as shown in Figure 3.19. The two threshold voltages
are termed the upper threshold voltage, Vut (about 29 mV here) and the lower
threshold voltage Vlt (about 5mV here). These threshold voltages act as the con-
trol point for current ramp direction reversal. The current is ramped up along
branch 0 until the junction stack switches to a high voltage (not shown in this
graph) as described in section 3.3.2. Once the junction stack has switched to high
voltage, current is ramped down along the path G-H until a voltage lower than
the lower threshold voltage Vlt is detected. The current ramp direction is reversed
and the current is ramped up along the path C-D until it reaches the switching
current of the branch 1 and the stack switches to a higher voltage value along
the path E-F. When a junction voltage greater than Vut is detected, a switch is
registered. The current is ramped down once again so that junction voltage is
just below Vlt, where the current is ramped up again to record another switch
from branch 1. By making the repeated cycles a switching current histogram is
built. A histogram of branch 1 is shown in Figure 3.22.
843.3 Measurement Set up
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853.3 Measurement Set up
The threshold voltages are set by two potentiometers connected to each com-
parator in LM319. The comparator output drives the SN74LS latch, which con-
trols the analogue switch IC Max 333CP. This switches between two dc voltage
levels, one for ramping the current up and the other for ramping it down. The se-
lected voltage from the analogue switch Max 333CP is fed to a UA741CP which
was conﬁgured as a buﬀer and then to the integrator. The output from the
integrator was fed to the current source in the dip probe using a coaxial cable.
86Chapter 4
Results and Analysis
4.1 Introduction
I present my ﬁndings and results in this chapter and start by establishing that
the thin ﬁlms are superconducting and the resistive transition temperature of the
thin ﬁlms is in accordance with previous results. The variation of Tc in various IJJ
stack sites on the same thin ﬁlm and between ﬁlms is discussed. Salient features
of the DC current voltage (IV) characteristics of the IJJ stacks are highlighted.
Switching current distributions from the zero-voltage branch, also known as
the supercurrent branch or branch 0, and the ﬁrst quasiparticle branch (branch
1) at various temperatures are presented. It is established that the switching
distributions from these two branches are quite diﬀerent from one another. It is
also established that T ∗, the temperature above which the behaviour of the junc-
tion changes from underdamped thermal activation to phase diﬀusion is higher
for branch 1 as compared to branch 0. The higher T ∗ and the suppression of the
switching current for branch 1 is explained in terms of the change in the dissi-
pative environment of the IJJ stack when one junction switches to the voltage
state.
Switching current measurements from branch 0 and branch 1 under the in-
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ﬂuence of RF irradiation are discussed in the following section. Suppression of
the switching current of various branches is observed under the inﬂuence of RF
irradiation. Switching current suppression of branch 0 is found to be strongest
and suppression for the rest of the branches is very minimal. A ﬂux-ﬂow branch
is observed at higher RF powers. The non-appearance of the ﬂux-ﬂow branch on
the quasiparticle branches and suppression of the switching current of branch 0
is explained in terms of the environmental impedance.
The last section describes the resistive isolation of the IJJ stack from the envi-
ronment. It outlines the objective for this isolation and the requirements for the
resistors to be used. Typical parameters required for the resistors are calculated.
Diﬀerent geometries for placing the resistors on the chip are discussed and the
criteria for the most suitable geometry is described. Results of the isolation and
an analysis is presented. A ﬁnal summary of the results concludes the chapter.
884.2 Critical Temperature
4.2 Critical Temperature
The critical temperature (Tc) of a superconductor is the temperature at which the
resistance of the superconductor becomes zero. The transition temperatures in
the ab plane of both a Tl2212 thin ﬁlm and a Bi2212 single crystal were measured.
The Tl2212 thin ﬁlm was lithographically patterned using argon milling to create
a track length of 40 µm and a width of 5 µm. The ﬁlm thickness was 700 nm.
The Bi-2212 single crystal was 3 mm long, 0.2 mm wide and 2 µm thick. Four
point measurement of the dependence of the resistance on temperature in the ab
plane for Tl2212 and Bi2212 samples are shown in Figure 4.1.
In the ab plane the resistivity shows a linear dependence upon temperature
well above the transition temperature like a conventional metal. The resistivity
starts to drop sharply at the onset of superconductivity and becomes zero at the
transition temperature. The thin ﬁlm sample has a Tc of 108 K. That of the
Bi2212 single crystal is 88 K. The Tc value of 108 K for Tl2212 thin ﬁlms is
consistent with other group’s measurements [Kang et al., 1989; Kim et al., 2003;
Norton, 2004; Ozkan et al., 1999]. A Tc value of 86.6 K has been reported for
Bi2212 by Tachiki et al. [2003]. The in plane resistivity of the thin ﬁlm is ≈ 300
µΩcm in the Tl2212 sample at room temperature. A resistivity value of 400 µΩm
for thin ﬁlms in ab plane has been reported by Kim et al. [2003].
The dependence of the c-axis resistance of a Bi2212 IJJ stack on temperature
is shown in Figure 4.2. The Bi2212 stack is 1.5 µm long, 1 µm wide and 900 nm
thick. Cutting, cleaving and mounting of the crystal on substrates and gold con-
tact deposition for Bi2212 samples was done by myself; however FIB patterning
and measurements for Bi-2212 samples were done by Johannes Leiner, a member
of our research group. The c-axis transport is semi-conducting near the transi-
tion temperature; the resistance increases with decreasing temperature close to
Tc. This diﬀerence in behaviour of the ab plane and c-axis values is known and has
894.2 Critical Temperature
Figure 4.1: Dependence of the in-plane resistivity of a Tl2212 thin ﬁlm (red
points) and a Bi2212 single crystal (black points) on temperature. The Tc is 108
K (for the Tl-2212 thin ﬁlm) and 88 K (for the Bi-2212 single crystal). The single
crystal has a sharper resistive transition.
Figure 4.2: Dependence of the c-axis resistance of a Bi2212 junction stack on
temperature.
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been extensively studied [Ando et al., 1996; Kim et al., 2003; Kimura et al., 1996;
Martin et al., 1988; Watanabe et al., 1997; Yan et al., 1995]. It is understood
that metal like behaviour is observed due to the transport current ﬂowing in the
CuO2 planes. In the c-axis direction the current is ﬂowing perpendicular to the
CuO2 layers with insulating layers between them which cause the semiconducting
behaviour. The c-axis resistivity of the Bi2212 sample is 13 Ωcm just above Tc
and a similar value (16 Ωcm) has been measured by Tachiki et al. [2003]. Kim
et al. [2003] measured the c-axis resistivity for a Tl2212 thin ﬁlm to be 2.4 Ωcm.
No c-axis data for Tl2212 IJJ stack was measured as c-axis measurement at room
temperature destroyed the IJJ stack.
The width of the transition is a measure of the purity of the sample. The
width of the resistive transition is broader for Tl2212 thin ﬁlm as compared to
the Bi2212 single crystal. The typical width of the broadening was found to be
between 3 K and 5 K for Tl2212. A total of 18 IJJ stack sites are located on
each thin ﬁlm. The Tcs of various junction sites on the same thin ﬁlm were found
to be within 5 K of each other. The diﬀerence in Tc of IJJ stack sites on the
same thin ﬁlm can be due to local structural and chemical ﬁlm imperfections.
This diﬀerence in Tc of various IJJ stack sites did not signiﬁcantly aﬀect our
experiments since they were made at a temperatures below 0.5Tc.
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4.3 Current Voltage (IV) Measurements
4.3.1 Conventional Switching Order
The electrical characteristics of FIB patterned IJJ stacks were measured in a four
point conﬁguration in liquid helium. Complete current voltage characteristics of
an IJJ stack are shown in Figure 4.3. Only few branches are shown in the ﬁgure.
The return branch corresponds to all IJJs in the voltage state.The low voltage
region of a diﬀerent IJJ stack is shown in Figure 4.4. Figure 4.4 shows only ﬁrst
three branches of the IJJ stack for clarity. The IV curves of the IJJ stack are
multi branched, each branch corresponding to one, two, three, (etc) individual
junctions switching to the quasiparticle state as the bias current exceeds the
corresponding switching current.
Figure 4.3: Complete IV characteristics of a Tl2212 IJJ stack at 4.2 K. Only a
few branches are shown; return branch corresponds to to all IJJs in the voltage
state.
The supercurrent branch is recorded when all the Josephson junctions are
in the superconducting state. Once the biasing current exceeds the switching
current of the junction with the smallest critical current, there is a discontinuous
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Figure 4.4: Low voltage region of IV characteristics of a Tl2212 IJJ stack at 4.2
K. Only the ﬁrst three branches are shown here. Red arrows show the load line.
jump to the n=1 branch. The shapes of the resistive branches are similar to
the IV characteristics of the small underdamped Josephson junction [McCumber,
1968]. The resistance of the branches increases with branch number at a ﬁxed bias
current. The curvature of the branches is explained by the V-shaped quasiparticle
conductance observed in c-axis tunnelling experiments [Mandrus et al., 1991].
Features present on quasiparticle branches at low voltage are termed phonon
resonance and will be discussed in detail later in the chapter.
4.3.2 Current Voltage Characteristics with Anomalous Switch-
ing Order
Slightly diﬀerent IV characteristics from those shown in Figure 4.4 were measured
in a number of IJJ stacks. The individual junctions in these arrays were observed
to switch from zero-voltage state (supercurrent branch) to the voltage state in
an anomalous order, speciﬁcally the switch from the n=0 branch occurred at a
signiﬁcantly higher bias current than switches from other (n ≥ 1) branches as
934.3 Current Voltage (IV) Measurements
shown in Figure 4.5. As the switching current of supercurrent branch was higher
than the rest of the branches, the switch from supercurrent branch did not happen
to the closest branch i.e to branch 1. The switch from the supercurrent branch
occurred to a higher voltage as shown by the arrow in Figure 4.6. This particular
behaviour where the switch from the supercurrent branch apparently results in
the simultaneous switching of several junctions we term Anomalous Switching
Order (ASO). Similar behaviour has been observed previously by Kleiner et al.
[1994]; Mros et al. [1998]; Warburton et al. [2003b]. Possible explanations of ASO
will be discussed later in this chapter.
Figure 4.5: Low voltage region of IV characteristics of an Anomalous Switching
Order (ASO) Tl2212, IJJ stack at 4.2 K.
4.3.3 Phonon Resonance
Each individual junction in an IJJ stack exhibits both a superconducting and
resistive branch depending on the biasing current. In the low voltage region cer-
tain features are observed on the resistive branches, termed as subgap structures.
These subgap structures have been observed previously by Schlenga et al. [1996,
1998]; Seidel et al. [1997]; Yurgens et al. [1996]. The IV characteristics of an IJJ
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Figure 4.6: Complete IV characteristics of the Tl2212 ASO IJJ stack Mk56AD[1]-
B6, shown in Figure 4.5. The switch from supercurrent branch happens along
the dashed arrow to a higher voltage than to the ﬁrst branch. The cross indicates
the maximum value of dI/dV .
array showing particularly marked subgap structures are shown in Figure 4.7.
Subgap structures appear at voltages V 1
1 =7.5 mV and V 2
1 =9.6 mV on the ﬁrst
quasiparticle branch. The subgap structure divides the quasiparticle branch IV
in to three regions denoted as a, b and c. Depending on the number of junctions
in the resistive state, i.e the branch number ‘n’, there are 2n hystereses in each
region. Each hysteresis region contains 2n sub branches [Schlenga et al., 1996].
The number of junctions in the resistive state can be ascertained by counting
these sub branches or the hysteresis regions. V i
n have the voltage value which
is nth multiple of the V i
1. Sub gap structures at similar values in Tl2223 were
observed by Schlenga et al. [1996]. A detailed discussion of the sub gap struc-
tures and their dependence on sample geometry, number of resistive junctions,
temperature, magnetic ﬁeld both parallel and perpendicular to the layers, doping
and microwaves is presented in Schlenga et al. [1998]
Subgap features are caused due to interaction between active optical c-axis
phonons and oscillating Josephson currents. Active optical c-axis phonons can be
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Figure 4.7: IV characteristics of a Tl2212 IJJ stack on expanded scale showing
sub-gap structures at 4.2 K. V i
n denotes the unique subgap feature where n is the
branch number and i is the subgap number on that particular branch.
infrared [Helm et al., 1997; Preis et al., 2000] or Raman active optical phonons
[Maksimov et al., 1999]. This interaction leads to the appearance of current peaks
on the IV characteristics when the voltage satisﬁes the condition 2eV = ￿ωph
where ωph is the phonon frequency.
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4.3.4 Self-Heating in IJJ IVs
The junction stack shown in Figure 4.6 has 42 branches. The total voltage for
all branches where the hysteresis disappears is 1.0 V, which is consistent with 42
junctions at ≈ 25 mV each. The corresponding junction geometry is shown in
Figure 4.8. The SEM picture shows an overlap thickness of approximately 240
nm. This thickness corresponds to about 160 junctions in series (neighbouring
junctions are about 1.5 nm apart). The diﬀerence between the expected and
observed number of branches might be due to the diﬀerence in the overlap area
of junction on both sides of the track. Due to the 5◦angle between the central
track and the FIB beam during the drilling, there is a diﬀerence between the
overlap area as observed by comparing Figure 4.8 and Figure 4.9. The actual
overlap area is about 140 nm on the reverse side as opposed to 240 nm seen from
the front of the structure. This height of 140 nm corresponds to 88 branches
which is still signiﬁcantly higher than the observed number of branches in the
IVC. A possible reason for this could be self-heating due to which some branches
can not be traced.
Figure 4.8: Mk56AD[1]-B6: SEM picture for the junction whose IV characteristics
are shown in Figure 4.6. The overlap height is about 240 nm.
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Figure 4.9: Mk56AD[1]-B6: Opposite side SEM picture for the junction whose
IV characteristics are shown in Figure 4.6. The overlap height is about 140 nm,
which is smaller than the height seen from the front of the junction structure.
If individual junctions in the stack are identical, then the quasiparticle branches
will show uniform switching voltages in the absence of heating; at a ﬁxed bias
current the voltage on the nth branch is simply n times the voltage of the ﬁrst
branch. This is validated by comparing the ﬁrst ten branches of the IV charac-
teristics shown in Figure 4.10 and 4.11. Figure 4.10 shows the total voltage at
a ﬁxed bias current of 20 µA as a function of branch number. At ﬁrst sight a
uniform voltage spacing is observed indicating the absence of heating. The line
shows a linear ﬁt to the data from branch 2 to branch 10. The slope of the line
is 23.8 mV/branch.
In Figure 4.11 we plot the current as a function of V/n, where n is the branch
number. The curves for n=2,3....9 are qualitatively identical indicating that the
individual junctions have similar tunnelling characteristics. In contrast to Figure
4.10, this graph does suggest the possibility of self-heating and gap suppression as
the ﬁrst quasiparticle branch has diﬀerent characteristics from the other branches
in the group. Power dissipated at top of branch one is about 1 µW and 2 µW
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for branch two. Amount of self-heating is constant above 2 µW. The switching
voltage of ≈ 30 mV is in agreement with the previously reported results [Inomata
et al., 2005; Jin et al., 2006].
Figure 4.10: Voltage at 20 µA for the supercurrent branch and ﬁrst ten quasi-
particle branches of the IV characteristics of the sample Mk56AD[1]-B6, shown
in Figure 4.5 at 4.2 K. The line is a linear ﬁt to the data for branches 2 to 10.
The slope of the line indicates the voltage diﬀerence between the branches.
Figure 4.11: Comparison of the ﬁrst ten quasiparticle branches of the IV charac-
teristics of the sample Mk56AD[1]-B6, shown in Figure 4.5 at 4.2 K.
An apparent superconducting gap feature appears at 1211 mV as shown in
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Figure 4.6. If this is a gap this would correspond to V =2 N∆/e where N=42
is the number of branches. This gives 2∆ = 28.8 mV, similar to previously
reported values [Moreland, 1989; Takeuchi et al., 1989]. For 2∆ = 28.8 mV this
gives IcRn=22.6 mV.
To investigate why the number of branches is lower than that predicted from
the geometry, the same sample was measured again. Figure 4.12 shows two
diﬀerent IV measurements of the same junction stack two days apart. Comparison
of both measurements shows that the switching current has reduced in the later
measurement. Reason for reduction in switching current is not fully understood
but may be attributed to some material change. This reduced switching current
allows more number of branches to be traced. The number of branches has
increased to 82 which is closer to the previous geometrical estimate of 88 branches.
A change in the resistance of the stack is also evident. The resistance per junction
has changed to 465 Ω and the new values of IcRn and 2∆ are 8.06 mV and 23.5
meV respectively. These measurements suggest that the maximum value of dI/dV
can not be a gap feature.
In both measurements the hysteresis vanishes at approximately the same
power dissipation (≈ 30-35 µW); and the maximum dI/dV also occurs at the
same power value (≈ 70 µW) as shown by the constant power lines in Figure
4.12. Hysteresis in IJJs is temperature dependent. The hysteresis will vanish
once the junction stack temperature has reached a particular value. This tem-
perature value for Tl2212 thin ﬁlms is approximately 55 K [Chana et al., 1999].
I believe that in both measurements the stack temperature is raised to 55 K due
to ohmic power dissipation. In the later measurement the power dissipated per
branch is smaller than the former due to the reduced switching current. This
allows more number of branches to be traced before the hysteresis vanishes. Dis-
sipated power (≈ 30-35 µW) and temperature (55 K), at which hysteresis vanishes
are used to estimate the thermal resistance Rth of the sample (≈ 2K / µW).
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4.3.5 Summary
This section described the general IVC of the IJJ stack including conventional
and anomalous switching order. Fine features of the IVC like phonon resonances,
only visible in high quality junctions were discussed. It has been established that
IJJs suﬀer from self-heating. Self heating appears to be constant for n ≥ 2. The
value of superconducting energy gap ∆ calculated from maximum value of dI/dV
can not be used as a reference due to heating.
1014.3 Current Voltage (IV) Measurements
F
i
g
u
r
e
4
.
1
2
:
C
h
a
n
g
e
i
n
I
V
c
h
a
r
a
c
t
e
r
i
s
t
i
c
s
o
f
s
t
a
c
k
o
f
I
J
J
a
t
4
.
2
K
.
B
l
u
e
i
s
t
h
e
ﬁ
r
s
t
m
e
a
s
u
r
e
m
e
n
t
,
r
e
d
r
e
p
r
e
s
e
n
t
s
t
h
e
s
a
m
e
j
u
n
c
t
i
o
n
m
e
a
s
u
r
e
d
a
f
t
e
r
t
w
o
d
a
y
s
.
I
n
t
h
e
l
a
t
e
r
m
e
a
s
u
r
e
m
e
n
t
t
h
e
s
w
i
t
c
h
i
n
g
c
u
r
r
e
n
t
o
f
a
l
l
b
r
a
n
c
h
e
s
h
a
s
i
n
c
r
e
a
s
e
d
.
T
h
e
l
i
n
e
s
o
f
c
o
n
s
t
a
n
t
o
h
m
i
c
p
o
w
e
r
d
i
s
s
i
p
a
t
i
o
n
a
r
e
s
p
a
c
e
d
b
y
1
0
µ
W
.
1024.4 Temperature Dependent Switching Current Distribution
Measurements
4.4 Temperature Dependent Switching Current
Distribution Measurements
4.4.1 Overview
A total of ﬁve IJJ stacks were measured to study the switching measurements
from the individual branches. A list of the samples studied is shown in Figure
4.13. All the samples had an active junction area of less than one micron. Fig-
ures 4.14 and 4.15 show the IV characteristics of the IJJ stacks MK86-A2 and
MK86-A3 respectively. Both the samples show uniform switching voltage be-
tween the branches. The switching voltage of 20 to 25 mV is in agreement with
the previously reported results [Inomata et al., 2005; Jin et al., 2006].
Figure 4.13: Samples used to study the temperature dependent switching from
an IJJ stacks. All junction stacks have an active area of less than one micron.
4.4.2 Current control comparison
In both the samples shown in Figure 4.14 and 4.15 we observe the anomalous
switching order (ASO) i.e for n ≥ 1( n is the branch number) the current, In at
which switching from branch n to n+1 occurs is less than the switching current
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Figure 4.14: IV characteristics of Tl2212 sample MK86-A2 at 4.2 K. Only the
ﬁrst four branches are shown.
Figure 4.15: IV characteristics of Tl2212 sample MK86-A3 at 4.2 K. Only the
ﬁrst four branches are shown.
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of zero-voltage branch. We cannot use the triangular wave to measure switch-
ing current distributions from quasiparticle branches under ASO. We designed a
custom-built current ramp control with automatic direction control, which has
been described in the previous chapter (section 3.3.4). This current control al-
lowed us to measure the SCD from quasiparticle branches in ASO IJJs.
In order to ensure that the custom-built current control was suitable to mea-
sure switching current measurements from quasiparticle branches, it was com-
pared with the existing current controls. The only branch all three current
controls could measure was branch 0 of an IJJ stack. In order to make this
comparison the switching current distributions from the zero-voltage branch of
Mk-56AD[I]-A3 were measured using custom-built current control along with a
commercial function generator and a dc triangular waveform generator (this can-
not be used to measure the SCD from quasiparticle branches). The results of
these measurements are shown in Figure 4.16. The escape rate from all three
SCD was extracted using Equation 2.22. The corresponding plots of the escape
rate as a function of biasing current shown in Figure 4.17, showing that the three
current controls give identical results. Hence, with the additional inbuilt ramp
direction controls, the new current control can be used for measuring SCDs from
quasiparticle branches.
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Figure 4.16: Switching current distribution measured from branch 0 of sample
Mk56AD[I]-A3 using three diﬀerent current controls at 5 K. All three distributions
have similar data values suggesting the feasibility of the custom-built current
control (blue data points) to be used for measuring the switching distributions
from quasiparticle branches. The ramp rate during the three measurements was
0.3 mA/S.
Figure 4.17: Escape rate as a function of biasing current for the three SCD
(shown in Figure 4.16) measured with three diﬀerent current controls at 5 K.
Similar values of escape rate establish the credibility of the custom-built current
source to be used for measuring SCD from quasiparticle branches.
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4.4.3 SCD of branch zero and branch one - Observations
Switching current distributions, P(I) for switching from both the n = 0 and the
n = 1 branches were performed on both Mk86-A2 and Mk86-A3. The ramp rate
for switching distributions measurements was 1.4 ± 0.1 mA/s for Mk86-A3 and
0.4 ± 0.1 mA/s for MK86-A2. Both MK86-A3 and Mk86-A2 have the same
area of 0.24 µm2. Each switching current distribution measurement comprised of
5000 points for Mk86-A3 and 3000 points for Mk86-A2 (at each temperature) in
order to create the switching current histogram. The resolution, ∆IADC, of the
analogue-to-digital converter for the measurement was 3.7 nA. Switching current
distributions from branch 0 and 1 at various temperatures for MK86-A3 are shown
in Figure 4.18.
If we compare the distributions for the two branches (n=0 and n=1) at any
particular temperature (e.g at Tbath=26.1 K) as shown in Figure 4.19, it is ob-
served that the mean value of I0 (14.0 µA) is larger than that of I1 (12.1 µA) and
also the standard deviation of I0 (0.15 µA) is smaller than that of I1 (0.53 µA).
This establishes the fact that the two junctions, junction A (the ﬁrst junction to
switch to resistive state) and junction B (the second junction to switch to resis-
tive state) behave diﬀerently in a dynamical sense. In Figure 4.20 the switching
current Isw of the supercurrent (n=0) branch is higher than the ﬁrst quasiparticle
branch (n=1), establishing ASO for T>20 K.
Switching current distributions P(I) for branch 0 (zero-voltage branch) and
branch 1 (1st quasiparticle branch) were measured from 4.2 K to 50 K for Mk86-
A3 and from 4.2 K to 18 K for Mk86-A2. Figures 4.20 and 4.21 show the tem-
perature dependence of the mean and standard deviation, σ, raised to the power
three-halves for both samples. The behaviour of σ3/2 can be divided into two tem-
perature regions: (i) the temperature region where σ(T) increases proportional
to T 2/3 (ii) the temperature region where σ(T) decreases as the temperature in-
creases. Based on the results of Krasnov et al. [2005b]; Li et al. [2007] and others
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Figure 4.18: Switching current distributions for (a) the n = 0 and (b) the n =
1 branches of MK86-A3. The points show the experimentally measured values
at the indicated bath temperature. P(I) is the probability of switching within a
bias current range I to I +∆I, where ∆I is 74 nA (∆I =2 0 ∆IADC). Solid lines
in (a) for 4.3 K <T bath < 9.0 K and (b) for 4.3 K <T bath < 29.3 K are ﬁts to the
Kramers thermal activation model in the limit of negligible damping for a critical
current of 30.0 µA for (a) and 27 µA for (b), with the eﬀective temperature being
the ﬁtting parameter. Dashed lines are guides to the eye.
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Figure 4.19: Switching current distributions for n = 0 and n = 1 branches of
MK86-A3 at 26 K. The red line is a guide to the eye.
we can term the region (i) as the underdamped thermal activation (UTAD) re-
gion and region (ii) as the phase diﬀusion region. The crossover temperature from
UTAD to phase diﬀusion is denoted by T ∗
0 for branch 0 and by T ∗
1 for branch 1.
The change from UTAD to phase diﬀusion i.e T ∗ for Mk86-A3 occurs at 9 K
for branch 0 and at 29 K for branch 1. T ∗ for branch 1 of Mk86-A2 occurs at
about 8 K and we do not see any change from UTAD to phase diﬀusion for branch
0 of Mk86-A2, suggesting that the T ∗ for branch 0 of Mk86-A2 is less than 4.2 K
i.e. in both Mk86-A3 and Mk86-A2, T ∗ for branch 1 is higher than the
T ∗ of branch 0. In Figure 4.20(b) the zero distribution width for branch 1, σ3/2,
extrapolates to Tbath = −10 K suggesting signiﬁcant heating. Conversely branch
1 of Mk86-A2 does not show any apparent heating and extrapolates close to zero
as shown by dashed line in Figure 4.21. The IJJ stacks in both MK86-A2 and A3
are essentially identical, however, the current density is found to be much smaller
in A2 (1300 A/cm2 compared to 9500 A/cm2 for MK86-A3). The reasons for
this change in current density are not known but are presumably can be defect
1094.4 Temperature Dependent Switching Current Distribution
Measurements
Figure 4.20: The bath-temperature-dependence of (a) the mean and (b) the stan-
dard deviation, σ, raised to the power of 3/2 of the switching current distributions
for MK86-A3, shown in Figure 4.18. The red and blue points are the experimen-
tal data for branches n = 0 and n = 1 respectively. Note that T ∗
1 for branch
one has a higher value of 29 K as compared to 9 K for T ∗
0. Negative dσ/dT is a
hallmark of phase diﬀusion. Broken line is the linear ﬁt to σ of branch 1. SCD
of branch 1 extrapolates to T ≈-10 K, suggesting apparent heating on branch 1.
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Figure 4.21: The bath-temperature-dependence of (a) the mean and (b) the stan-
dard deviation, σ, raised to the power of 3/2 for the junction IVC MK86-A2,
shown in Figure 4.14. The red and blue points are the experimental data for
branches n = 0 and n = 1 respectively. Note that T ∗
1 for branch one has value of
8 K and no T ∗
0 was observed. Negative dσ/dT is a hallmark of phase diﬀusion.
Broken line is the linear ﬁt to σ3/2 of branch 1. SCD of branch 1 extrapolates to
zero indicating the apparent absence of heating.
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related.
The results from the temperature dependent SCD measurements are (i) higher
switching current for supercurrent branch than ﬁrst quasiparticle branch in some
temperature range (ii) SCD width σ scales proportional to T 2/3 for UTAD (iii)
negative dσ/dT in the phase diﬀusion regime (iv) a higher T ∗ for branch one than
branch zero and (v) apparent heating for the junction stack with a larger current
density.
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4.4.4 SCD of branch zero and branch one - Analysis
This section will look at various possible explanations of ASO. These explanations
include heating, suppression of the ﬁrst quasiparticle branch switching current due
to the A.C. Josephson eﬀect and a change in the dissipative environment of the
IJJ stack.
4.4.4.1 ASO caused by Heating
One possible cause of ASO can be self-heating of the IJJ stack. Self-heating
can reduce the switching current of the Josephson junction. Self-heating can
be estimated by comparing the experimental SCD with the standard model of
thermal activation in UTAD regime. Matlab code for the standard model of
thermal activation was written by Dr J. C. Fenton with some modiﬁcations by
me. The input parameters for the simulation are the bias current ramp rate
and the junction capacitance. The program performs a two parameter ﬁt to
the experimental data where both the eﬀective temperature and the unﬂuctuated
critical current are used as ﬁtting parameters. It generates a number of theoretical
curves P(I) using Equation 2.18 with diﬀerent values of eﬀective temperature and
critical current, comparing each theoretical curve with the experimental data.
The critical current and temperature value which results in the minimum error
between the experimental and theoretical data are reported as the ﬁt parameters
for the experimental SCD. It is also possible to perform a single parameter ﬁt
by ﬁxing either the eﬀective temperature or the critical current at the particular
value.
The simulation code described was used to perform a two parameter ﬁt on the
n=0 branch shown in Figure 4.18. P(I) data from Mk86-A3 branch 0 was ﬁtted to
the standard model of thermal activation as applied to a single Josephson junction
[Fulton & Dunkleberger, 1974] (see section 2.6.1.1). The capacitance, C of the
junction was calculated using an estimate of 6 µF/cm2 for the speciﬁc capacitance
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[Warburton et al., 2004]. The extracted critical current and extracted eﬀective
temperature as a function of bath temperature for the n=0 branch (red data
points) for Tbath <T ∗
0 are shown in Figure 4.22. It is observed that the switching
distributions for I0 are very much broader than predicted by the standard thermal
activation model. Although the simulation gives a good visual ﬁt as shown in
Figure 4.18, the ﬁt temperature is signiﬁcantly higher than the bath temperature.
Possible explanations for this deviation include MQT, Ohmic heating and the
presence of Josephson ﬂuxons. The crossover temperature from UTAD to MQT
can be calculated using ￿ωp/2πkB. Using a critical current of 29 µA, the plasma
frequency is calculated as 395 GHz. This gives a crossover temperature of ≈ 3.0
K, which is much smaller than the observed value of 15 K. This proves that the
temperature independent behaviour in this graph is not caused by MQT. Self-
heating on branch zero can be ruled out due to the absence of any voltage on the
supercurrent branch. Josephson ﬂuxons make the experimentally measured P(I)
distribution wider, compared to the theoretical P(I) obtained from the standard
thermal activation model for the same value of peak switching current. The
wider experimental P(I) distribution (with same peak switching current as that
of theoretical distribution) provides a higher eﬀective temperature as shown in
Figure 4.18. We therefore conclude that the high eﬀective temperature can be
only explained by the presence of Josephson ﬂuxons in the IJJ stack [Mros et al.,
1998; Warburton et al., 2004].
Branch 1 cannot be measured in the absence of self-heating since there is
certainly some dissipation (of order hundreds of nW) resulting from junction A
being in the voltage state. In order to establish an upper bound on the Ohmic
self-heating on the n = 1 branch P(I) data from Mk86-A3 branch 1 was ﬁtted
to the standard model of thermal activation using a two parameter ﬁt. The
extracted critical current and extracted eﬀective temperature as a function of
bath temperature for the n=1 branch for Tbath <T ∗
1 are shown in Figure 4.22
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Figure 4.22: The bath temperature dependence of the extracted critical current
Ic and extracted ﬁt temperature (Teff)f o rn=0 and n=1 branch. The black line
is Teff = Tbath.
(blue data points). The average value of the critical current (IcB) obtained from
ﬁtting is 27 µA. The extracted temperature Teff1 is about 5 K higher than the
bath temperature at Tbath=4.2 K.
This deviation could also be caused by MQT, self-heating or the presence of
ﬂuxons. One might argue that this temperature independent behaviour below 11
K is due to the onset of MQT. The crossover temperature from UTAD to MQT
can be calculated using ￿ωp/2πkB. Using a critical current of 27 µA, the plasma
frequency is calculated as 381 GHz. This gives a crossover temperature of ≈ 2.9
K, which is much smaller than the observed value of 9 K. This proves that the
approximately temperature-independent behaviour for branch one in this graph
is not caused by MQT. Another reason for this behaviour could be Josephson
ﬂuxons. Comparison of Teff0 and Teff1 shows that Teff1 is almost independent of
Tbath in contrast to Teff0. This suggests that the Tbath independent behaviour of
Teff1 is not caused by thermally-activated Josephson ﬂuxons. The most probable
cause for the temperature independent behaviour on branch one at Tbath < 10 K
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is therefore self-heating due to one junction being in voltage state.
The extracted ﬁts in Figure 4.22 were obtained by a two parameter ﬁt. Uncer-
tainties in the ﬁtting procedure result in Teff1 <T bath at some bath temperatures
which is not possible. To address this problem a ﬁxed value of Ic0 (27 µA)w a s
used (consistent with the Ambegaokar-Baratoﬀ model) and Teff is extracted us-
ing a one parameter ﬁt. Figure 4.23 shows the Tbath-dependence of the Teff of
branch 1 of Mk86-A3 by ﬁtting to the P(I) for each temperature (P(I)s are
shown in Figure 4.18). In our results for branch 1, in the temperature range 11
K <T bath < 29 K, the determined eﬀective temperature is within 1 K of the bath
temperature. For Tbath < 11 K there is an increasing amount of self-heating as
the bath temperature is lowered, although the ﬁts to the distribution as shown
in Figure 4.18 are still good provided Teff >T bath is used. Thus the degree of
ohmic self-heating in the 11 K to 29 K range for branch 1 of Mk86A-A3 is less
than 1 K.
The degree of self-heating can be used to extract the thermal resistance as
shown in Figure 4.24. ∆T is obtained by subtracting the bath temperature from
eﬀective temperature. It is seen that, at low temperature the thermal resistance
decreases with increasing Tbath and ﬂattens out at higher temperatures. Qualita-
tively similar results have been reported by Krasnov et al. [2005c] for Bi2212 as
shown in Figure 4.25. The thermal resistance in my sample is however three or-
ders of magnitude higher than that reported for Bi2212 by Krasnov et al. [2005c].
This diﬀerence is due to the fact that Krasnov et al. use a bigger mesa structure
with a cross sectional area of 10 µm2.
Self heating on branch 0 should ideally be zero. In some cases a very small
voltage due to incoherent phase slips may be present. This incoherent phase slip
voltage is less than the voltage noise (1.0 µV r.m.s calculated from supercurrent
branch). Thus the power dissipated on the n=0 branch is at least four orders
of magnitude smaller than the power dissipated on the n=1 branch. It is safely
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Figure 4.23: The bath-temperature-dependence of the eﬀective temperature ex-
tracted from the ﬁts to the switching current distributions for the n = 1 branch
of MK86-A3 shown in Figure 4.18. The solid line shows Teff = Tbath. The values
of Ic and C were kept constant throughout the entire temperature range.
Figure 4.24: Thermal resistance for n=1 branch of MK86-A3 as a function of
bath temperature. ∆T is the diﬀerence between eﬀective temperature and bath
temperature shown in Figure 4.23. P is the electrical power dissipated at the top
of n=1 branch.
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Figure 4.25: Self-heating in a Bi2212 mesa structure with cross sectional area of
10 µm2. Figure from Krasnov et al. [2005c].
concluded that both the n=0 and n=1 branches are negligibly aﬀected by self-
heating in the 11 K to 29 K range.
In Figure 4.26 the bath temperature dependence of the mean and the stan-
dard deviation of the distributions of I0 and I1 of Mk86-A3 are re-plotted. For
Tbath > 20 K the mean value of I0 exceeds that of I1 (i.e. the switching order is
anomalous), and the degree of self-heating is negligible at least in the range 20
K <T bath < 29 K. In this temperature range the standard deviation of I0 is also
signiﬁcantly lower than that of I1.
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Figure 4.26: The bath-temperature-dependence of (a) the mean and (b) the stan-
dard deviation, σ, raised to the power of 3/2 of the switching current distributions
of MK86-A3 shown in Figure 4.18. The red and blue points are the experimental
data for branches n = 0 and n = 1 respectively. The green points are the results
of Monte Carlo simulations of the repeated escape and retrapping events with
ﬁtting parameters IcB = 27.0 µA (from the ﬁts to the distributions for Tbath <
29.3 K and QB = 8.6, both being taken to be independent of temperature. The
black line shows the result of the standard underdamped thermal activation model
with IcB = 27.0 µA and Teff = Tbath. The temperature range where the degree
of self-heating is certainly less than 1 K on both branches is shown by the red
arrow.
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4.4.4.2 ASO caused by Josephson radiation
The second possible cause for the suppression of the switching current of branch 1
(junction B) can be Josephson emission of radiation from junction A when junc-
tion A is in voltage state. The suppression of the critical current in underdamped
junctions was deduced by Kautz [1981] as
i0 = J0(˜ i) (4.1)
and ˜ i is given as
˜ i = ilΩ
−1(1 + Ω
2β
2)
−1/2. (4.2)
Here i0 = I0/Ic where I0 is dc bias current and Ic is the critical current of the
junction. Jn is the Bessel function of nth order. Ω = ω(￿/2eIcR) where ω is the
RF frequency, β =2 eIcR2C/￿. il = Il/Ic is the RF current magnitude normalised
to the critical current.
The maximum voltage of junction A is 26.7 mV as seen in IVC in Figure 4.15
at the top of ﬁrst quasiparticle branch. This gives a frequency ω of 12.9 THz. This
frequency is used to calculate the value of Ω. The IcRn value used to normalise Ω
has been estimated from the 0 K energy gap for Tl2212 given by 2∆(0) = 3.52kTc.
The calculated energy gap (16.7 meV) yields an IcRn value of 26.7 mV. The other
parameters used to estimate the switching current suppression were QB=8.6 and
il =1 .il = 1 was used as the worst case scenario in which RF current magnitude
is as large as the switching current of the Josephson junction. Figure 4.27 shows
the solution of Equation 4.1 in normalised units using the above parameters. This
shows that even for an a.c Josephson current amplitude in junction A as large
as its critical current ICA i.e (il = 1), the suppression of the critical current ICB,
1204.4 Temperature Dependent Switching Current Distribution
Measurements
in junction B is less than 1% for all frequencies larger than 3.35 THz (i.e. 0.26
ICBRB).
Figure 4.27: Frequency dependent critical current suppression by Josephson emis-
sions. i0 is the normalised switching current and Ω is the normalised frequency.
The horizontal dashed line corresponds to a 1% suppression of the critical current.
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4.4.4.3 ASO caused by diﬀerent dissipation on branch 0 and 1
Another possibility is that the ASO and higher T ∗ are caused by diﬀerent dis-
sipation on the two branches. Dissipation in the washboard model is measured
by Q = ωpRC. In Figure 4.20 for Tbath >T ∗
n (n is the branch number) it is not
possible to achieve a good ﬁt to the Kramers model with any Teff ≥ Tbath. This
behaviour has been observed in a number of Josephson junction types [Kivioja
et al., 2005; Mannik et al., 2005] including cuprate intrinsic junctions [Krasnov
et al., 2005b]. It results from rapid retrapping of the junction back into the
zero-voltage state after it has entered the phase-slip state. To ﬁt to the data
for the n = 1 branch of Mk86-A3, the model of Fenton & Warburton [2008] was
used with the temperature-independent value of IcB extracted from ﬁts to the
data for T<T ∗
1. The Stewart McCumber parameter, βcB = Q2
B, is likely to be
temperature-dependent due to the dissipative eﬀect of thermally-excited quasi-
particles. In the absence of any prior knowledge of the form of its temperature-
dependence, however, it was assumed to be independent of temperature, the
value QB = 8.6 being selected so as to give a maximum in the switching distri-
bution width at the same value as the experiment. In spite of this simpliﬁcation
a reasonable qualitative ﬁt to the data for the n = 1 branch was achieved. The
simulations shown in Figure 4.26 were performed by Dr Jon Fenton.
In summary for switching from n=1 branch we have ICB=27.0 µA, QB=8.6
and plasma frequency of fpB of about 400 GHz, using the relation ωpB = [2eIc/￿C]1/2.
The real part of the impedance seen by junction B (300 Ω) is calculated from
Q = ωpRC. Under the assumption that the junctions are structurally identical,
it is assumed that IcA = IcB= 27.0 µA. Fenton & Warburton [2008] have shown
that the temperature T ∗ at which the distribution width is maximum occurs
when the escape rate, Γesc(T ∗,I) is equal to both the retrapping rate Γ(T ∗,I)
and the normalised current bias sweeprate I−1dI/dt at some value of bias current
I. Numerically solving Equation 2.33 and 2.21 for IcA = 27.0 µA and T ∗
0 =9K ,
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the value of QA is obtained (QA = 3.1). The real part of the impedance seen by
junction A, is thus of the order 100 Ω.
This suggests that, when increasing the bias current, the ﬁrst intrinsic junc-
tion to switch (junction A) does so at a higher current than the second intrinsic
junction to switch (junction B) due to the fact that the value of the Stewart-
McCumber parameter when all junctions are in the zero-voltage state is signif-
icantly lower (βcA = Q2
A = 9.6) than when one junction is in the voltage state
(βcB = Q2
B = 74). A similar dissipative-enhancement of the supercurrent in
the thermal activation regime has previously been measured in LTS junctions
[Tesche et al., 1989]. They observed high values of switching current of Joseph-
son junctions at temperatures where thermally activated switching was expected
to drastically lower the maximum switching current. These large switching cur-
rents were shown to be due to retrapping during the transition to the voltage
state.
In the current range I1 <I<I 0 the state of each junction is entirely deter-
mined by dissipation. On the n = 0 branch the viscosity is suﬃciently high that
a thermally-activated escape event from the zero-voltage state to the phase-slip
state in junction A is rapidly followed by retrapping to the zero-voltage state as
shown in Figure 2.5. On the n = 1 branch, however, the viscosity of junction B is
low enough that retrapping is unlikely and the steady phase-slip state develops.
At I = I0 on the n = 0 branch the energy provided by the bias current is suﬃcient
to overcome the viscous retrapping and junction A enters the steady phase-slip
state.
Three diﬀerent explanations for ASO were oﬀered which included self-heating,
change in the dissipative environment and suppression of the switching current
due to Josephson emission. It has been shown that self-heating and Josephson
emission can not account for the suppression of the switching current of quasi-
particle branches. A simple electrical model to validate the change in dissipative
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environment is proposed.
4.4.5 Proposed Electrical Model
To explain why the dissipative enhancement of the supercurrent is greatest on
the n = 0 branch, a simple high-frequency current-source model shown in Figure
4.28 is used. The model also includes the impedance, Zenv(f), of the environment
of the Josephson junction array. When all junctions are in the zero-voltage state
(Figure 4.28 (a)) the impedance seen by any junction in the array is Zenv(f). At
f = fP, the environmental impedance is approximately 100 Ω, which is the typical
impedance of the current bias wiring lines attached to the junction [Tinkham,
1996]. When one junction is in the voltage state (Figure 4.28 (b)), the impedance
seen by the other junctions in the array is now Zenv(f)+R, where R is the ac
resistance of a single junction (of the order of a few hundred ohms). This increased
impedance leads to an increase in Q and therefore a signiﬁcant reduction in the
dissipative enhancement of the supercurrent. The applicability of this model to
IJJ arrays in which R exceeds 100 Ω has also been conﬁrmed by measurements of
thermally-activated phase diﬀusion [Fenton et al., 2007] and microwave-induced
Josephson vortex ﬂow (see [Saleem et al., 2009] and section 4.5).
In summary two major results were observed, (i) higher switching current
for branch zero than branch 1 termed as ASO and (ii) higher T ∗ for branch 1
than branch 0. Both these results can be explained by the change in dissipative
environment when one junction switches to the voltage state. This change in
dissipation enhances the supercurrent in an IJJ array in the thermal-activation
regime above that which would be expected for an underdamped junction of
equal critical current. The dissipation results from the shunting impedance of
the environment and can therefore be reduced (leading to a reduction in the
supercurrent) by switching a single IJJ into the voltage state. This results in the
anomalous switching order often observed in IJJ experiments and a higher T ∗ for
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Figure 4.28: Circuit model showing the change of high-frequency impedance seen
by any junction in the series array when one junction switches from the zero-
voltage state (a) to the voltage state (b). Each junction is shown as a cross and
is modelled as having negligible impedance when in the zero-voltage state. IS is
a d.c. current source of inﬁnite impedance. Zenv models the impedance of the
environment of the array. R models the ac resistance of a single junction when
in the voltage state.
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higher order branch as compared to the supercurrent branch.
1264.5 Switching Current Measurements under RF Irradiation
4.5 Switching Current Measurements under RF
Irradiation
4.5.1 Overview
A total of seven IJJ stacks were irradiated with RF between 2 and 20 GHz,
to understand the dynamical behaviour of the junction stack under microwave
irradiation. Both static and switching-current-distribution measurements were
made on these samples. An overview of the type of measurements performed on
these samples is shown in Figure 4.29.
The frequency was chosen by observing the suppression of the switching cur-
rent of supercurrent branch. The frequency at which maximum suppression
of the switching current of the supercurrent branch was observed was selected
to perform subsequent measurements. It is pertinent to mention that the se-
lected frequency is much lower than the plasma frequency (f ￿ fp). Systematic
frequency-dependent measurements were not performed due to diﬀerent coupling
to the IJJ stack at diﬀerent frequencies. The system is poorly matched at cer-
tain RF frequencies resulting in insuﬃcient power reaching the sample at those
frequencies.
4.5.2 Results
Figure 4.30 shows the dependence of the dc current-voltage characteristics of the
junction stack shown in Figure 4.4 upon the RF power level at 6.37 GHz. At
zero microwave power the current-voltage characteristics are multi-branched and
hysteretic, similar to all the junction stacks mentioned in Figure 4.29. The su-
percurrent branch is at zero voltage. Once the current bias exceeds the switching
current of the supercurrent branch (here 7.6 µA), it is possible to sweep out N
quasiparticle branches where N is the number of IJJs in the stack. (N is ap-
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Figure 4.29: Samples used to study the eﬀects of RF on IJJ stacks and types of
measurements along with the branch number.
proximately 100 for junction array reported here.) For clarity only the ﬁrst and
second quasiparticle branches are shown in Figure 4.30. A more detailed view of
the supercurrent branch and sub-branch is shown in Figure 4.31.
Major changes in the DC IVs for non zero RF power as seen in Figure 4.30
and 4.31 include the following three observations:
• Suppression of the switching current of the supercurrent branch with in-
creasing RF power.
• The appearance of a sub-branch between the supercurrent and ﬁrst quasi-
particle branch; the voltage of the sub-branch increases with increasing rf
power.
• Very small switching current suppression and the absence of sub-branches
for the ﬁrst and second quasiparticle branches.
All the above observations will be discussed and analysed in this section.
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4.5.3 Analysis
4.5.3.1 Suppression of switching current of branch zero
Suppression of the switching current for the supercurrent branch can be under-
stood with the help of the tilted washboard model. The tilt of the washboard
and the barrier height have one ﬁxed value at any given DC bias current. The
applied RF current causes the tilt of the washboard and the height of the energy
barrier to oscillate around their mean value. An increase in the washboard tilt
and reduction in the energy barrier means that the particle needs less energy to
escape from the local minimum, thus resulting in the particle escaping at a lower
value of d.c. switching current. Thus the application of RF current results in sup-
pression of the switching current for the supercurrent branch. This suppression
increases with the RF power as shown in Figure 4.31.
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4.5.3.2 Appearance and movement of Vortex ﬂow branch
At higher RF powers a low-voltage branch appears between the supercurrent
branch and the quasiparticle branch as shown in Figure 4.30. The dependence
of the voltage at the top of this low-voltage branch upon the microwave current
is shown in Figure 4.32. Data presented in this graph can be divided in two
distinct regions. Region I is for microwave currents below 0.04 units. Within
this region the voltage of the low-voltage branch is zero. Region II is for the
microwave currents greater than 0.04 units. In this region the step voltage of the
low-voltage branch has a linear dependence on the microwave current. Similar
behaviour has been observed by number of other research groups [Barkov et al.,
2004; Helm et al., 2000; Hirata et al., 2001; Irie et al., 2003; Tachiki & Uchida,
2008].
Figure 4.32: Maximum voltage of the vortex ﬂow branch as a function of the RF
current. The line is a linear ﬁt to the data above 0.04 microwave current units.
In region II the linear dependence of the step voltage on microwave current is
very similar to the magnetic ﬁeld dependence of the voltage of the ﬂux ﬂow step
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for a conventional long Josephson junction as described in 2.4.2.2. This suggests
that the microwaves insert ﬂuxons in junctions due to their magnetic component
[Oya & Irie, 1996]. The bias current then accelerates the inserted ﬂuxons due
to Lorentz force, resulting in the step voltage of the low-voltage branch. The
number of ﬂuxons in the junction is increased by increasing the power of the
microwaves and hence the step voltage also increases. The linear dependence of
the step voltage on microwave power conﬁrms that the dissipation mechanism on
this low-voltage branch is microwave-induced Josephson vortex-ﬂow [Irie & Oya,
1995; Irie et al., 1996]. In region I either there are no Josephson ﬂuxons present
or any Josephson ﬂuxons present are pinned.
4.5.3.3 Absence of vortex ﬂow branch on quasiparticle branches
The microwave-induced vortex-ﬂow branch only appears close to the supercurrent
branch; when a single intrinsic junction is in the voltage state the vortex-ﬂow
branch is totally suppressed. The absence of vortex ﬂow branch on quasiparticle
branches can be interpreted in two ways i.e (i) dissipation due to quasiparticle
tunnelling suppresses the ﬂow of Josephson vortices; or (ii) when one junction is in
the voltage state there are no Josephson vortices in the array. These explanations
can be understood by plotting the dependence of the ﬁrst three switching currents
upon the applied microwave current which is shown in Figure 4.33. It is observed
that the switching current on the zeroth branch is rapidly suppressed by the RF
current, whereas that of the subsequent branches is only marginally suppressed.
Scatter in the measurements on branches 1 and 2 is due to thermal ﬂuctuations.
The vertical bar shows the theoretically calculated standard deviation of the
switching current for branch 1 using the thermal underdamped model explained
in 4.4.4.
I argue that higher suppression of the switching current on the supercurrent
branch as compared to quasiparticle branches indicates that the microwave ﬁeld
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Figure 4.33: Switching current dependence of supercurrent (branch 0) and ﬁrst
(branch 1) and second (branch 2) quasiparticle branches on the RF current. The
vertical bar shows the calculated standard deviation of the switching current for
branch one at 10 µA and 4.2 K.
couples much less strongly to the IJJ array when a single intrinsic junction is in the
voltage state than when all the junctions are in the superconducting state. This
accounts for the observation that the microwave-induced Josephson vortex-ﬂow
branch can only be observed when all the junctions are in the superconducting
state; since the microwave ﬁeld couples poorly when a single junction is in the
voltage state, no Josephson vortices are inserted in the junction stack.
It has been shown in section 4.4.4 and by Fenton et al. [2007] that thermally
activated phase diﬀusion occurs only on the supercurrent branch and not on
the quasiparticle branches. Phase diﬀusion can only be observed in hysteretic
Josephson junctions when the junction resistance is larger than the RF impedance
of the environment which is of order 100 Ω for a current biased Josephson junction
[Tinkham, 1996]. This suggests that the environmental impedance may also be
playing a role in determining how well the microwave ﬁeld couples to the junction
array.
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4.5.4 Proposed Electrical Model
A simple circuit model similar to the model presented in Figure 4.28 is shown in
Figure 4.34 to explain these results.
Figure 4.34: Switching current dependence of supercurrent (branch 0) and ﬁrst
(branch 1) and second (branch 2) quasiparticle branches on the RF current
In this model the microwave irradiation is modelled by using an RF current
source due to the low impedance of the Josephson junction. When all the junc-
tions are in the superconducting state the RF impedance of the junction array
is low. The inductive reactance of the Josephson junction is calculated using
XL =2 πfL where L is given by Φ0/2πIc. For a critical current of order of 10
µA and frequency of 6.7 GHz, the inductive reactance is of the order 1 Ω. Hence,
the RF current ﬂows through the junction array. The AC resistance of a sin-
gle junction in the voltage state determined from the slope of the current-voltage
characteristics from Figure 4.30 is between 1 kΩ and 10 kΩ. With one junction in
the voltage state therefore the junction is eﬀectively shorted by the environmental
impedance and very little RF current couples to the junction array.
Bae et al. [2003] showed that below some cut-oﬀ frequency (in their case
around 80 GHz) the RF ﬁelds were uniformly distributed in the junction stack,
whereas above this cut-oﬀ frequency a standing wave was set up between the
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top and the bottom of the stack. The main diﬀerence between their results and
mine is that I do not see any suppression of switching currents for quasiparticle
branches. My junctions were irradiated at a much lower frequency than in Bae
et al. [2003] so that uniform irradiation across the stack is expected, provided the
radiation couples to the junction at all. It has been shown that coupling only
occurs when all the junctions are in the superconducting state. The diﬀerence
between my data and those of Bae et al. arises from the much smaller junction
area in my case compared to Bae et al. [2003]. A large junction area of 18 µm2
in their experiment leads to a lower junction resistance in the voltage state which
means that the environmental impedance plays no role.
This section described the eﬀects of microwaves on the DC IVs of IJJs. RF
induced observations included higher suppression of the switching current for
the supercurrent branch than the quasiparticle branches, the appearance of a
vortex-ﬂow branch and the absence of the vortex-ﬂow branch for quasiparticle
branches. These results were analysed with the help of the proposed electrical
model. It was found that microwaves couple to the IJJ when all the junctions
are in the superconducting state and no vortices are inserted when a junction is
in the voltage state.
1364.6 Environmental Isolation of IJJ Stacks
4.6 Environmental Isolation of IJJ Stacks
4.6.1 Overview
All the results in the preceding two sections in this chapter are explained with
reference to the environmental impedance. The next step in this research was,
therefore, to try to isolate the IJJ stack from its environment so as to test the
validity of this explanation. Isolating the Josephson junction from its environ-
mental impedance with resistors would change the value of the impedance seen by
the junctions and hence would change the damping in the system, as Q = ωpRC.
Changing the damping in-situ at 4.2 K would conﬁrm the proposed explanation
for the anomalous switching order.
Josephson junctions have been isolated from their environment previously
using resistors [Kuzmin & Haviland, 1991]. A lead-alloy junction with an area of
0.01 µm2 was isolated from its electromagnetic environment by high resistance
metallic resistors inserted into the current and voltage leads.
4.6.2 Key requirements for isolating resistors
One key requirement was the value of the isolating resistors. This must exceed
the environmental impedance and be less than the resistance of quasiparticle
branch to eﬀectively isolate the junction array from its environment while still
permitting switching current measurements. Keeping these requirements in view,
each resistor should have a value between 100 Ω and 500 Ω.
The second requirement for the isolating resistors was their distance from the
IJJ stack. In order for the junction to see a pure resistance and not a complex
impedance, the isolating resistors must be within close proximity of the junction
stack. The plasma frequency in our IJJ stacks is nearly 1012 Hz; the dielectric
constant of the substrate is about 10 so that the wavelength is about 100 microns.
It was decided to put the isolating resistors 6 µm away on each side of the IJJ
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stack, well within one wavelength.
The third requirement for the resistors was their capability to change resis-
tance in-situ, so as to measure the IV characteristics and switching distributions
with and without the eﬀect of the environmental impedance. It was decided to
use FIB-deposited tungsten as resistors, as FIB deposited tungsten is known to
act as a superconductor with a critical temperature of about 5.3 K [Li et al., 2009].
With FIB-deposited tungsten resistors and the IJJ stack at 4.2 K, we would ex-
pect to see similar results as discussed in this chapter, as the entire structure, (i.e
the IJJ stack and tungsten resistors on either side) will be superconducting. It
was envisioned that once the sample temperature will be raised to ≈ 6K( a b o v e
the critical temperature of FIB-deposited tungsten), the resistors will isolate the
junction stack from its environment. A complete IJJ stack with isolating resistors
is shown in 4.35.
Figure 4.35: Complete IJJ stack with isolating resistors. FIB deposited resistors
are 6 µm apart on either side of the IJJ stack. The gold in the picture is on top
of the Tl2212 track.
4.6.3 Approaches to FIB tungsten deposition
Three diﬀerent approaches were used to deposit the FIB tungsten resistors. The
ﬁrst approach was to cut the central Tl2212 track and then deposit the tungsten
as in Figure 4.36a. This approach did not produce consistent results in terms
of the value of the resistance obtained from sample to sample due to incomplete
step coverage. A layering eﬀect was also observed in the deposited tungsten.
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This approach suﬀered from the nozzle shadowing eﬀect (discussed later on in
this section) depending on the orientation of the central track with respect to the
Gas Injection System (GIS) nozzle.
Figure 4.36: Three diﬀerent approaches to the FIB tungsten deposition. (a) The
central track is cut ﬁrst and then tungsten is deposited in the hole. Due to the step
height a break in deposition occurred. Note the layering eﬀect in the deposition
as well. (b) Tungsten resistors were deposited ﬁrst and then narrowed down from
the side and drilled under to obtain the desired resistance value. Dimensional
control of the deposited tungsten in milling step was diﬃcult. (c) Central track is
cut and then tungsten is deposited parallel to the central track. The step height
in this approach is smaller as compared to (a) and extra tungsten pads ensure
that no break in the deposition occurs. Dimensional control of resistors is easier
as compared to (b).
The second approach is shown in Figure 4.36b. In this approach tungsten re-
sistors were deposited ﬁrst on top of the central Tl2212 track and then the track
was narrowed down from both sides and then the narrowed track was drilled un-
derneath the resistors in order to obtain the desired value of the resistors. This
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approach produced consistent results as there were no breaks in the tungsten de-
position with this approach. However dimension control of the deposited resistors
while milling after deposition was diﬃcult. Not being able to thin and narrow
the deposited resistors to the required dimensions and the lack of a facility to
measure the resistance in-situ while milling forced us to abandon this approach.
The third approach which was successful and ﬁnally used for this research is
shown in Figure 4.36c. In this approach the central Tl2212 track was cut in the
middle and then tungsten was deposited parallel to the central track. In this
approach the height of the step over which tungsten is deposited was smaller
than the ﬁrst approach. Extra patches of tungsten were deposited where the step
occurred to ensure a good contact. The dimensional control of resistors was easier
in this approach as compared to the second approach.
Samples initially used for the deposition of tungsten suﬀered from high re-
sistance. The source of high resistance in ﬁrst approach was incomplete step
coverage and the interface resistance between the deposited tungsten and the top
of the track. In second approach the interface between the deposited tungsten
and top of the central track was isolated as the source for high resistance. The
initial samples did not had a uniform gold layer and hence suﬀered from high re-
sistance. An extra gold layer on later samples ensured that the contact resistance
was less than 1 Ω.
4.6.4 Nozzle shadow eﬀect
One observation during the resistor deposition was that some samples provided
comparably good results using the ﬁrst approach than other samples on the same
chip. A number of control experiments conﬁrmed that this diﬀerence between
the resistance value of the samples on the same chip was due to the diﬀerent
orientation of the sample with respect to the GIS nozzle during deposition. This
eﬀect we term as the ’nozzle shadowing eﬀect’.
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Figure 4.37: Nozzle shadow eﬀect. Deposition in the cut/step would produce
diﬀerent results based on the orientation of the sample with respect to GIS Noz-
zle. (a) suﬀers from the nozzle shadow eﬀect where a break in the deposition is
observed whenever there is a step. (b) The nozzle shadow eﬀect can be avoided
by orienting the TBCCO track perpendicular to the nozzle.
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The nozzle shadowing eﬀect is explained in Figure 4.37. It was learnt that
whenever the central track was oriented parallel to the GIS nozzle as in Figure
4.37 a, deposited tungsten suﬀered from some minor break in the deposition and
the value of the resistance obtained was high. In contrast samples where the
central track was oriented perpendicular to the GIS nozzle as in Figure 4.37b did
not suﬀer from a break in the deposition. All the samples prepared afterwards
were oriented perpendicular to the GIS nozzle to avoid the nozzle shadowing.
4.6.5 Results and Analysis
Three point IV characteristics of a single FIB deposited tungsten resistor are
shown in Figure 4.38. The dimensions of the FIB-deposited patch parallel to the
central track in Figure 4.37 b and also in the inset of Figure 4.38 marked with
an arrow, are 7 µm, 0.3 µm and 0.3 µm. The resistor was deposited using a 20
pA FIB probe current with an X scan frequency of 20 kHz and Y scan frequency
of 0.2 Hz at a W(CO)6 partial pressure of 0.23 × 10−5 mbar. IV characteristics
of the deposited resistor at 4.2 K show a critical current of 165 µA. The other
two transitions in the IV at 4.2 K are from the extra tungsten patches to ensure
step coverage in the deposition. The transitions seen in the IV at 4.2 K are not
present in the measurement at 11 K establishing the fact that these transitions
are originating from the FIB deposited tungsten. The most probable cause of
hysteresis in the IV is heating.
The dependence of the resistance of the ﬁb-deposited tungsten is shown in
Figure 4.39. The resistive transition of TlBaCaCuO is also visible close to 100 K.
From the measurements we extract the resistivity of tungsten (160 µΩcm) and
its critical current density (2100 × 106 A/m2). These values are in line with the
previously reported results [Prestigiacomo et al., 2005; Ross et al., 2006; Sadki
et al., 2004].
After the successful deposition of one tungsten resistor and conﬁrming its
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Figure 4.38: Current voltage characteristics of FIB deposited tungsten resistor
at 4.2 K (red points) and 11 K (black points). Resistor dimensions parallel to
central track are 7 µm, 0.3 µm and 0.3 µm as shown in the inset.
Figure 4.39: Resistance dependence of tungsten on temperature. FIB deposited
tungsten has a Tc of about 5.3 K.
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Figure 4.40: Current voltage characteristics of the series combination of resistor 1
and resistor 2 at 4.2 K (red points) and 9 K (black points). Resistor 2 dimensions
parallel to central track are 7 µm, 0.2 µm and 0.2 µm as shown in inset. Electrical
characteristics of resistor 1 are shown in Figure 4.38 and 4.39.
Figure 4.41: Dependence of the resistance of the series combination of resistor 1
and resistor 2 on temperature. FIB deposited tungsten has a Tc of about 5 K.
The resistance of the complete structure is 430 Ω.
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superconductivity and resistance value, a second resistor was deposited on the
same sample, in series with the ﬁrst resistor. The combined current voltage (IV)
characteristics of the second resistor at 4.2 K and 9 K are shown in Figure 4.40.
The critical current of the second resistor is about 90 µA which is less than the
critical current of ﬁrst resistor as the cross-sectional area of the second resistor
is smaller than that of the ﬁrst resistor. The Ic at 170 µA is from resistor one.
Similar to the ﬁrst resistor we do see some other transition in the IV of the
second resistor at 4.2 K originating from the patches in the tungsten deposition.
Measurement of the IV at 9 K conﬁrms the origin of these transitions to be FIB-
deposited tungsten. The temperature dependence of the resistance of the whole
structure was measured and is shown in Figure 4.41. Due to the use of a four
point measurement the TBCCO transition seen in 4.39 is not resolvable here.
The resistance of the structure has increased from 167 Ω to 430 Ω as the area
of the second resistor is smaller than the area of the ﬁrst resistor. The Tc of the
tungsten was again found to be above 5 K. A number of tungsten resistors was
deposited which were 7 µm long and 0.2 µm wide and 0.2 µm thick. The critical
current of these resistors was found to be 40 µA ± 10 µA. The contact resistance
was always found to be less than 5 Ω. The typical value of these resistors was
found to be between 100 Ω and 500 Ω.
A completed structure consisting of a junction stack between two resistors is
shown in Figure 4.42. This we refer to as the RJR structure. The RJR structure
was fabricated in a single cycle in the FIB without breaking vacuum. Its IV
characteristics at 4.2 K are shown in Figure 4.43. The IV of the RJR structure
is multi-branched indicating presence of the IJJ array. The inter-branch voltage
diﬀerence of 20 to 25 mV is in agreement with a standalone IJJ array. An
important point to note is the absence of the supercurrent branch, despite the
fact that the whole structure (Resistance - Junction - Resistor) is superconducting
at 4.2 K. It is possible that the ﬁrst branch we see in this IV is the supercurrent
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branch with some additional resistance of unknown origin. The value of the
resistance on the ﬁrst branch at 4 µA is ≈ 16 kΩ.
Figure 4.42: Complete Resistor-junction stack-Resistor structure perpendicular
(top) and parallel (bottom) to GIS nozzle (top). Both resistors have an area of
0.2 µm by 0.2 µm and a length of 7 µm. The junction stack width is 667 nm and
length is 352 nm.
The high resistance at 4.2 K is not present when we fabricate and measure
only the junction stack without the isolating resistors nor vice-versa. The contact
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Figure 4.43: Current-Voltage characteristics of the RJR structure shown in Figure
4.42 at 4.2 K.
Figure 4.44: Current-Voltage characteristics of the RJR structure shown in Figure
4.42 at 4 K (red data points) and 9 K (black data points).
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resistance is minimal and its typical value is less than 5 Ω. Figure 4.44 shows the
IV of same structure at both 4 K (red data points) and 9 K (black data points).
They appear to be the same, however on closer inspection at low voltage the
resistance has increased. This increased branch resistance at 9 K originates from
the non superconductivity of FIB deposited tungsten at 9 K.
This increase in resistance can be estimated from Figure 4.45. This ﬁgure
shows the ﬁrst branch above (black data points) and below (red data points)
the expected transition temperature of the tungsten. The green data points are
obtained by adding a ﬁx value resistance of 300 Ω to the data below the transition
temperature of tungsten. Green data points lie on top of the black data indicating
the value of change in resistance of tungsten above its critical temperature as
compared to the resistance value below the transition temperature. This gives
a resistance value of ≈ 150 Ω per isolating resistor, which is within the required
designed value of 100 Ω to 500 Ω.
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1494.7 Summary
A possible reason for the high resistance can be that the switching current of
the junction stack is higher than the critical current of the deposited tungsten. It
has been established that the critical current of the deposited tungsten is about
40 µA ± 10 µA, where as the switching current of the IJJ stack is less than 10 µA
and hence this can not cause the high resistance to appear. Even if the critical
current of the deposited tungsten is exceeded, it is expected that the value of the
tungsten resistance would increase to its value above Tc which is between 100 Ω
and 500 Ω. Hence we conclude that the resistors and junction stack on their own
behave normally and their IV characteristics are as explained above. It is the
placing of the two structures together which somehow makes this large resistance
come in to play. It seems that the presence of the tungsten (even below its Tc)
shifts the supercurrent branch of the IJJ array to ﬁnite voltage. More work is
needed to understand this behaviour and identify the root cause.
4.7 Summary
This chapter presented the evidence to establish the superconductivity of the sam-
ples used in this research. High quality of junction fabrication was established by
the observation of ﬁne features like phonon resonance in the IVC. ASO was inves-
tigated using SCD measurements. Possible explanations of ASO were discussed.
It was shown that ASO is caused by the change in dissipative environment of
the junction stack. Switching current measurements under RF showed a higher
suppression of switching current for supercurrent branch than the quasiparticle
branches. Vortex-ﬂow branch was observed between the supercurrent branch and
1st quasiparticle branch. These observations were explained in terms of change
in environmental impedance. IJJ stack was isolated from tis environment using
FIB deposited tungsten. Presence of FIB deposited tungsten causes an additional
resistance on the supercurrent branch. More work is needed to understand the
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origin of this additional resistance.
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Conclusions
This study has been carried out to investigate the dynamical behaviour of Tl2212
thin ﬁlm IJJ arrays. The main aim of the research was to investigate the phe-
nomenon of uniform switching or ASO. As a ﬁrst step, Josephson eﬀects from
Tl2212 thin ﬁlm FIB-patterned bridge structures were recorded. The critical
temperature, Tc of these ﬁlms was found to be 110 K, in agreement with previous
results. Fine features on the IV were observed which indicated the high quality
of the ﬁlms and fabrication techniques.
ASO was investigated by measuring the switching current distributions when
switching from the supercurrent branch with those when switching from the ﬁrst
quasiparticle branch. It was observed that T ∗ for branch 1 was higher than
supercurrent branch. Possible explanations for higher T ∗ for the ﬁrst branch
were discussed. It was explained that supercurrent branch was overdamped at
the escape frequency whereas the ﬁrst quasiparticle branch was underdamped,
resulting in a larger switching current for the former than the latter. Hence, it
was concluded that ASO is caused by the change in the dissipative environment
of the IJJ array.
The eﬀect of this change in dissipative environment on the RF coupling to the
IJJ stack was also investigated. Increased suppression of the switching current for
the supercurrent branch was observed as compared to the quasiparticle branches.
A ﬂux-ﬂow branch was also observed. These results were explained in terms
152of the environment in which the junctions were embedded, and, furthermore,
that switching of a single IJJ into the voltage state signiﬁcantly changes the
environmental impedence.
A reliable technique has been developed to make FIB deposited tungsten
connections with the IJJ stack. The orientation of the sample with respect to the
nozzle position and the surface layer of the sample was shown to have a major
eﬀect on the contact resistance. It was shown that FIB-deposited tungsten can
act both as a superconductor and a resistor. It was shown that the presence
of FIB tungsten results in a large additional resistance of unknown origin on
supercurrent branch.
Research work presented in this study can be extended further. One area of
further research is to investigate the origin of the high resistance due to the pres-
ence of FIB-deposited tungsten in the close proximity to the IJJ stack. Another
area of research includes the possibility of observing MQT on the ﬁrst quasipar-
ticle branch. Observation of MQT at elevated temperatures requires a junction
with high plasma frequency ωp. This is a material property and depends on the
critical current density Jc. Observation of MQT on quasiparticle branches re-
quires the self-heating to be lower than the TMQT. In the junction discussed in
section 4.4.4.1 with an Ic of 27 µA, the calculated value of TMQT is 3 K and value
of self heating ∆T is approximately 10 K as T → 0. In order to observe MQT
on the ﬁrst quasipartcile branch ∆T needs to be at least one order of magnitude
lower than TMQT i.e ∆T = 0.3 K. The value of Ic needs to be reduced by a factor
of 30 times to about 1 µA to achieve the desired value of ∆T, assuming the value
of thermal resistance does not change. Ic can be reduced by reducing the junction
area. The present junction area of 0.25 µm2 needs to be reduced to about 0.01
µ m2 (100 nm by 100 nm) for Ic to have a value of 1 µA. Hence it is predicted
that MQT phenomena should be observable on the ﬁrst quasiparticle branch in
a junction with Ic of 1 µA, provided the thermal resistance does not change.
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